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Preface

With the rapid development and introduction of new technologies in modern aircraft design and structures, such as powered
lifting systems with blown flaps or deflected jets, supersonic configurations with their well-known problematic thermo-
acoustical phenomena, the promising advances in the field of nonmetallic materials (CFRP. ceramics), there is a strong need
to concentrate on the wide band of “new structural fatigue problems™ resulting therefrom and to ascertain state-of-the-an
expertise in the fatigue area.

Meeting contributions focus on topics deating with the acoustic environment in sub-, super- and hyper-sonic flow regimes,
imovative structural design techniques and matenals allowing the layout of fatigue resistant structures as well as with
experimental and analytical tools for evaluation of the behaviour of structures in an acoustically and thermally adverse
environment.

An additional session of the Meeting is dedicated to topics retated to the field of structural-acoustics. Thereby a broad band of
ditterent activaties i addressed. g the prediction of noise in closed compartments, the identification of structural-bome
noise paths as well as the acoustic diggrosis of areraft disasters,

Préface

Aviv e developpement et la e et applivation tapides des touvelles technologies pour ta concepion et les stractures des
actonefs muodernes, telles gue tes svstémes hypetsinientateurs 2 volets soufllés ou & teis a4 pounsee onentable, les
configuiations supenongues avey lewr phenomenes thermuoacoustiques problématiques bien connus, et ey progees
promettcurs atisey dans be domame des maténauy non-métatliques (CERP, céramugues), st est impartant de se concentret
st fe wutewt tres large dey cnouveauy probiemes de a fatigue structurales gqui on résultent et de tare Te point de Petat de
Fart de Fexpertine dans le domaine de la fatigue

Les vontnbutions & la téumon concement en particulier les questions relatives a lenvironiement acoustigque on iegime
decoulement subsomyue, supenotigue ¢t hypersomgue, Tes techimgues amst gu'aut mardnauny de comeeption stricturale
mvateurs peanettant la conceplion de strictunes réviatantes A la fatigue, ains que los ankes expétimentales ot analy tiques a
Pevatuat du comprtement dos stractures dass un environnement acomtiguement et thepmuenent hostile

Une acnion supplemenitaire st vonucrée 3 vertanes questiom relatives au domaine Jde Pacoumtigue stnacturale A, une
lagge gamme d activités et ervaminge. cntre autres la prédicon du bruit dams fes cellules closes, Padentifivation e trajeis Ju
baat achienind par los structures, le diagostic acomtijue des catastrophes aéniennes ot fex avancdes dam le domaine ifu
contrdle actil du brun
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TECHNICAL EVALUATION REPORT

J.J. Kacprzynski
Institute for Aerospace Research
National Rescarch Council of Canada

Introduction

The AGARD Structures znd Materials
Panel has been concerned with activities in
acoustic fatigue since 1960 and had achieved
a considerable success in coordinating and
encouraging acoustic fatigue research in the
NATO countries. By 1968 Panel's Specialists
group on Design in Acoustic Fatigue
identified six subject areas in which
suflictent research results had been
accumulated of suitable kind to warrant their
immediate consolidation and presentation in
design data ' heet form. Arising from this a
project was initiated under which
Engineering Science Data Unit (ESDU)
revised and extended the existing data sheets
with the support and collaboration of
AGARD. The subjects chosen {or this project
were:
- jet nolae near field prediction;
- siress response of flat stiffened panels;
- sireas response of curved stiffened panels;
- natural frequencles of flat and curved
honeycomb panels:
- streas response of honeycomb panels:
- rundom S-N curves for light alloys.

The data shecta covering the above
wopics were lssued in 1972 ns AGARDograph
162 Part | and 1l (Rel. 29) and as ESDU Data
Sheets. A symposium on Acoustic Fatigue
wis held during the 38th SMP Meeting, in
Toulouse, France in September 1872 (Ref. 301

Since that time the acoustic aircraft
louds becanw: more severe and the developed
in the sixties and seventies methods for
solution of acoustic problems became not

r adequate. Therefore the Structures
und Matertala Panels oranized the present
Speclalists Meeting on the tmipact of Acoustk
Loads on Alrerafl Structures, which was held
on May 2 - 4. 1994 in Lillechammer, Norway.

During the mecting 25 papers were
presented. in four sessions, covering the
general review of the state-of-the-ant,
Acoustic Environment. Materials and
Structure Design Techniques and Structural
Acousiics.

The developec! in the late sixties and
mid seventies methocis (Ref. 28 and 31) were
based on simple rcthods for response
predictions. usiag fundamental mode

approximation for estimation of induced
stress and strain caused by acoustic
excitation. These methods assuming linear
behaviour and normal mode approach,
validated for simple aluminium structures,
are still used extensively. For the present
state-of-the-art military aireraft and
particularly for the short take off and
vertical landing (STOVL) aircraft, the
acoustic impact on the structure becomes
more severe. Also new materials are being
used and therefore the data of References 28
and 31 are not longer adequate. Since the
mid seventies a significant progress has
been made in the evaluation of acoustic
cffects, bath in America and in Europe
where a large cooperative activity dealing
with acoustic effects has been organized in
a form of collaboration on Acoustic Fatigue
and Related Damage Tolerance of Advance
Composite and Metallic Structures, called
ACOUFAT, has been organized. This
programme {8 described in Reference 16. In
spite of the achieved progress, the present
Specialists Meeting demonstrated, that the
currently avallable methods still do not
allow for accurate futigue ltfe nssessment
(Ref. 1).

Although the acoustic generated
strains/streases are relatively small
comparing 10 strains/streases induced by
other aircraft's loads. they are for more
numerous and usually at high frequency.
In consequence, the acoustic fatigue
cracking (or delanunation) may occur afler
a very short pertod of atrcrall usages.

To avold (atigue damage caused by
the acoustic loads. the design process
should be able to tackle the following
problems:

+ evalusation of acoustic loads (acoustic
environment);

- estimation of structural response to
acoustic loads,

- estimation of the fatigue life under the
acoustically induced struins (stresses).

Acowstic Enviroamant

During the mecting ten papers were
presented in the session on Acoustic
Exvironment (Ref. 4 - 12 and 24). The
acoustic loads from engine and
acrodynamic sources depend on atrcraft

Presenied et @ Symposiam on ‘bmpext of Acoustic Loads en Aircrat Sractures’ held in Lilishammer, Norway, May 1994,
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flight conditions. It appears that the most
critical aerodynamic acoustic loads are due to
flow separation and due to shock waves.
There are stili difficulties in accurate
predictions of the aerodynamic acoustic data.
The state-of-the-art numerical analyses are
still very costly and their reliability is
questionable. The results depend on the used
turbulence models. mathematical flow
models and the idealisation of the aircraft
geometry. During a project development and
design phases, when the flight test data are
available, loads estimates are obtained based
on experimental procedures, past experience
and read-across from other aircrafts with
similar mission and performances.

The wind tunnel results, although
very useful, due to a different than in flight
turbulence level, do not predict correctly the
acoustic loads. The PWT (Progressive Wave
Tubes) also do not represent correctly flight
conditions. Hence, almost inevitable, the
flight measurement of acoust'c loads, are
required for a verification of the predicted
ucoustic fatigue life.

One paper (Rel. 4) was devoted to
Acoustic Environment of weapons hay. The
definition of the cavity types was made,
together with the description of the
phenomenon. The predictions of acoustic
loads, their frequency and amplitude have
been made both with the simple empirical
cquations and with the complex numerical
flow analyses. Both active and passive
suppression concepts have been discussed. 1t
appears that the passive suppression systems
are effective only over the amall range of
Mach numbers. Thus in the future, some type
of ucttve control will be needed to be adaptive
over the entire speed range.

Transler path analysis methods
presented in paper (24) allows to investigate
the contribution of individual sources and
source transmission paths. The current
rescarch focusses on validating the accuracy
of this method for the solution of Industrial
problems and on extending it to other
prublets. The extensions of the method
include the use of reciprocity techniques to
mecasure vibro-ncoustic effccts, the
qualification of air-bormne source
contributions, the trunsfer of structure-bome
sound though connected substructures and
the physicai interpretation of the
Lransmission path phenomena.

Puper (10) gives a review of
engineering prediciion techniques for power
intensity (rms fluctuating pressure} and
power spectral density (PSD) for attached and

separated flow. Recent results of the test of
shock wave/turbulent boundary layer
interaction are included. A technique is
presented, based on the Houbolt spectra
assumption, that appears to previde
engineering solutions to the design
resolution of complex flow problem.

Paper (5) describes the general
philosophy and methodology in engine
nacelle acoustic design, particularly intake
and exhaust ducts. necessary to satisfy the
noise certification requirements. A general
description of conventional acoustic liners,
currently in service, and being developed
innovative liners is also enclosed. The
Alenia developed software package
(ALNOIS) for complete engine nacelle
acoustic design and acoustic panel
manufacturing was presented.

Aircraft dynamic loads produced by

ine exhaust plumes were examtned (Ref.
6) for a class of configuration of fighters
and hombers in model and full scale. The
presented results are for USAF F-15 and B-
1B aircraft and for US F-18 HARV (High
Alpha Research Vehicle) and ASTOVL
{Advanced Short Take-off and Vertical
Landing) programs.

Currently USAF F-15 alrrrafls are
flying without ext.rnal nazxle flaps (Ref.
11), due to the cuntinuous structural fatigu.
oxperienced by the flaps and the cost of
replacing them. Although the aft region of
the aircrafl is known to experience high
acrodynamic loads due Lo massive unsteady
flow separation, there is the evidence, that
the severe acousiic loards contribute to the
observed structural damage. These acoustic
loads are attributed to a phenomenon
known as jet screech - It is casentially o
resonance feedhack loop in the jet
Nowfleld. that can set up between the nozzle
tip and the jet shock cells. 1t is most severe
for medium spaced twin jet circralt and can
occur during subsonic light with non-
perfectly expanded supersonic jet. Screech
has been measured at levels of 180 dB, high
enough to excecd the fatigue itmit for
metallic alreralt structures. Paper (11)
describea an initial engincering
workstation tool to predict occurrence of
screech, uitimately allowing the desygn of
confgurations which will not result in
screech.

Three papers ‘gavr the description of
thermoacousic test factities (Ref. 7, 8 and
14). The American factitty (Ref. 7) s

designed to operate at temperatures from
-250 *F to 3000 °F at sound pressure levels




up to 180 dB and heat flux of 1000 Btu per
square foot per second. The German facility
(Ref. 8) have maximum sound pressure level
of 160 dB with surface temperature of 1300 °C
and heat flux of 100 W/sec.

Paper (14) describes thermo-accustic
test facility capable of 171 dB acoustic
loading with simultanecous cross flow.

Structural Response

For the former approach (Ref. 28, 31)
the structure was idealised to determine the
fundamental mode frequency. Stress levels
were predicted at the critical stress location,
assuming uniform static pressure loading of
the panel and that the static deflected shape
and mode shape were identical. All these
assumptions contributed to the significant
dilference (by as much as a factor of 2)
between stress predictions and measurements
{Ref. 32).

Finite element analysis methods
enable more complex structures, with
detatled acoustic loading characteristics, to
be analyzed. Higher order modes. in addition
to the fundamental, can also be included. The
analysis process involves assessing the
frequency response of the structure across the
relevant frequency range to derive the power
spectral densities of stresa response. The
probability density function of atress levels
invalved are usually represented by a aingle
equivalent rms (rool means square} level,

Two presented papers (Ref. 12 and 14)
discussed in details Nnite element analysis of
the response of the structure (0 acoustic loads.
Paper (12) describes the Power Spectral
Density (PSD) technique for acoustic {atigue
cvaluation. The sound pressure levels are
converted to acoustic pressures PDS und
applicd to a finite elememt model
representation of the substructure. The
technique can cover complex siructural
Reometries and contribution of several
normal modes.

The method based on NASTRAN for
the linear analysis and on specially
developed code TAPS (Thermal Acoustic
Reaponse and Fatigue of Pre-Buckled and
Poat - Buckled Structurcs) for nonlinear
analysis were presenied in paper {14). TAPS
conlains extensive material data base
(including composites) and automated flight
profile fatigue life prediction.

The effects of nonlincarity on the

dynamic response of atrcraft structures to
acoustic exciiation were studied (n paper (9).

T3

The main objective of this paper was to
develop a method for prediction nonlinear
response of simple structures. Both
aluminum alloy plates and CFRP plates
were studied.

Acoustic Fatigue

Stress levels in ms form for
particular flight cases are used together
with rms stress endurance data to es*imate
fatigue damage for each case. These
damages are then accumulated, assuming
Miner's rule, according to the mix and
dursation of flight cases In the life of the
particular aircraft. Overall damage can
then be used to estimate the fatigue life of
the component. Life estimates have not
been particularly accurate - there are
several reasons for these discrepancies, and
particularly:

- the use of rmu levels in the damage

analysis (they do not represent

properly the more complex
behaviour of the range of stresses
they are representing):

- the presence of other loads acting

simultaneously with acoustic loads;

- the limitation of endurance data

to simple geometries.

Acoustic Teating

Acoustic fatigue testing is performed
+0F two reasons:
« to provide design acoustic data [rom test
coupons;
+ 1o test the complete structure or the
componcnt for design
verification/certification.

‘The design data are usually obtalned
under random loading but at constant input
rms acceleration levels using shaker tables
exciting the simple coupon test pleces al
resohance. Usually there are tested plain
coupons or simple elements representing
structiure, skin fasteners, lay-up, changing
In secitons or joints.

The endurance life ts usually taken
as the time to when cracks or delamination
are first detected or when the tion
in the fundamental [requency falls by o
specific smoumnt.

The usefulness of the coupon testing
is somehow limited. Firsily. it ts
questionable how representative of real
structures are simple coupons under
inertial loading. The correct mude shapes
are not represented. The polnt of fatlure ts
difficult to determine and estimating the
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duration to that point often requires the
somewhat dubious practice of allowing a
time for “setting in” of the coupon -
particularly for composites.

Four . gyers were dealing with
coupon/matcrial testing (Ref, 13. 14, 15 & 17).
Paper (13) describes a comparative study of 29
different coupons covering eight different
designs and six different materials tested by
excitation of 30 g2/Hz on a shaker. It
concluded that although the scatter of resuits
was very large, the tests showed clear
tendencies. All the new materials allow
lighter structures with higher
eigenfrequencies. Most of the damping values
found were smaller than values given in
ESDU. It concluded that deeper
tnvestigations for the definition of qualified
failure or safety criteria are necessary.

Paper (15} describes some of the
problems of acoustic fatigue of carbon fibre
structures investigations obtained within
ACOUFAT program. The investigation have
been cartied out with respect Lo
- nonlinealities in the measurements for the
calibration of the diiferent transducers.

- ellect of residual sirength fr the coupons;

- tflects of moisture and temperature in the
material due to storage and testing in humid
cnvironment.

The sum of these eliects for one tested coupon
required the reduction of the allowable strain
i the range of high cycles by a factor -4
compared to the value abtained ariginally at
room temperature with 2% fallure criteria.

Paper (17) describes the acoustic
latigue behaviour of GLARE composites. The
inftucnice of the laminate lay-up and
temmperature on the acoustic {atigue was
investigated from the shaker teats. The test
included also stilfencd GLARE skin pancls
showing the inportance of the secundary
struciure in the acoustic environnent.

Qualification Teatiog

Unlike the conventional latigue
testing. the full scale acoustic fatigue testing
s normally not performed.  Acrodynamic
and etgline acoustic environment would need
o be generated simultancously by wind
tunnel and engine sources, or in flight
conditions. to represent interactions.  instead
the acoustic test are performed on relatively
amall cumponems or assemblies whe-e the
localized acoustic pressure Nicld can be
simulated in a more practical anner. No

pipers were presented on this topic.

Internal Aircraft Noise

Paper (20) describes the applicable
concepts for cockpit noise verification in
military alrcrafts. A design-to-noise
procedure is outlined and the overall
requirements for medical, .ntelligibility
and operational aspects are discussed.
Guidelines for cockpit noise control, to be
applied during aircraft design phase, are
given together with the expected benefits.
Advanced noise control measures and noise
measuring techniques are also dealt and
cockpit noise verification is described.

A new reciprocal technique for
study of noise transmission and reduction
in turboprop aircraft is described in paper
(21}. A capacitive scanner is used to
measure the fuselage response due to an
internal noise source. The approach is
validated by coraparing this reciprocal
noise measurement with the direct
measurement. The fuselage noise
transmission information is then
combined with cornputer predictions of the
propeller pressure field data to predict the
internal noise.

Helicopter Internal Nolse

Helicopter ir° mal notse (Ref. 2)
cantains a high a1t of discrete tones
which are more annoying than a
broadband noise spectrum. This is mainly
due to discrete frequencies by the main
transtuission system, and ulso from other
components like main and tail rotor,
engines and cooling fans. Up to now,
matnly passive systemns have been used for
interior nalse reduction with high weight
m nalties, particularly in the low {requency
rargs. The active panel noise control,
having mechanical actuators exciting the
cabin walls and active control of gearbox
struls with actuators in the load path
between gearbox and fuselage are
potentially useful {echnigques for reduction
of the internal notse to a kevel of about 85
dB or even lower, The paper describes
RHINO project (Reduction of Helicopter
Interior Noise) of Commission of European
Communities. For contempora
composite laminate structures
helicopiers the noise problem is more
severe than for metallic stnuctures,

Impect on Snece Stinctures

Same difficulties of the solutions of
problems of the acoustic load of space
structurcs are presented (n paper (3], where
as an example, the study of the Hermes
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Space shuttle shingles is presented. The
qualification of shingles was based on
aeroelasticity analyses and on ground testing
in wind tunnels, propessive wave tubes and
on shakers. It was demonstrated, that none
of these means can alone satisfy the needs of
structural dimensioning and qualification.
Particularly the calculation of the turbulent
flow is not reliable. The simulation of the
actual loads of the structural parts in ground
testing is very difficult. A strategy for
aeroacoustic dimensioning and qualification
of structural space parts is proposed.

Thermo-acoustic fatigue design of
hypersonic vehicles skin panels is discussed
in paper (18). Aerothermal analysis shows,
that impingement of the bow shock wave on
the vehicle and engine noise produce high
fluctuating pressures and local heat fluxes.
The maximum temperatures will exceed 1500
°C at the top of the ascent trajectory and
vigine sound levels will exceed 170 dB at
takeall. As a result, loads due to engine
acoustics and shock impingement dominate
the design of many transatmospheric vehicle
skin panels. The paper contains results of
NASTRAN analysis and high temperature
{980 °C) shaker tests to establish high cycle
fatigue allowable of material coupons and
joint subelements under random loading.

A methiod stimulating the acoustic
vibration elfects, in termis of peak and mms
acecelerations responise af the spacecralt
extermal panels is presented i paper (27). )
allows to identify the suitable design
solutions. By using modal approach in the
frequency domain, the structure has to be
desceribed through a hHndte clement model and
the acoustic field through Green's function,
The presence of air leads to addition to the
mass putrix and to the damping matnx The
transler function is then applicd to the cane of
radngn Inputs, for which an analytical
sxpression is provided. Sonv numenical
examples show the eflect of the addttional
{erms on the spectral ditribution and on the
relevant nins vatue.

Advanced Satiatical Bescgy Analvsia (ASEA)

Paper (23) describes Advanced
Siatistical Encrty Analysis - ASEA, which
docs nol commain some drawbacks of the
known Statistical Encsgy Analysis (SEA). It
ts shown that the errors, that sometimes
occus when predictice SEA s applied to
complex siructurl assemblies are mainty
due to not modelled power transport
tmechanism.  This “tunnelling”™ mechantsm
occurs when dirert coupling exists between
two SEA sub-systems that are physically
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separated from each other by other SEA
sub-systems. ASEA is interpreted as a
series of mathematical models, the first of
which is identical to standard SEA and
subsequent higher order models are
convergent to the desired results. The real
structure will have to be broken up into the
subsystems available within ASEA,
possibly requiring hundreds of subsystems
stmilar like the elements in {inite element
methods codes.

The usefuiness of ASEA methods
will be determined by availability of the
ransmission and reflection coeflicients,
ASEA method will hopefully guarantee
accurate predictions, but is usefulness may
be limited by the magnitude of
computations needed.

Acoustic Study of Alrcraf Disasters

A spectrogram dlagnosis method of
examination of aircraft disasters is
presented in paper (26). It is known, that
impulsive forces applied to an aireraft
fuselage gencerate radial vibration waves. It
has been found, that these waves are
detected by the cockpit area microphone,
and that spectrogram analysts of the
microphone recording can provide
nformation on the nature, origin and
strength of the source, whether an
explosion or a sudden decompression.
Results of analysis of several atreraft
crashes were presented.

Suparniastically Formed and Diffusion
Bemded Componanta

The application of supermplasticalty
formed andd difTusion bonded components
in high intensity noise cnviroriments s
discussed inh paper (19). Two specimens,
representing atreralt control surfacs and
an access door. have been manulactured
and tested under high intenaity acoustie
excitation. The avcess doot was atso
subjected 1o an elevated temperature of 150
C. These were manufactured as
multt-cell box configurations by
superplastic forming and diTusion bonding
{SFFDB) to n similar structural weight as
existing aircraft components produced by
allernative means ol construct‘on. The
influence of the spandrel-shaped voud.
formed at the akin/stinger inlersection on
acoustic {atigue performance was
cxamined.




It appears, that much development

needs to be done to achieve proficient acoustic
fatigue design for the future. All aspects of the
process have to be improved and particularly:

Development of more efficient and
more accurate methods for prediction
of fluctuating pressure levels and
associated spectral content for engine
afflux, boundary layer and separated
aerodynamic flow.

Improving the methods for accurately
predicting the structural response to
acoustic loads, covering more complex
structures and also non-lincar cffects.
Investigation of the representation of
acoustically induced strain/stress
spectra {rms) leading to more accurate
fatigue analysis.

Developmett and investigation of
methods for assessing of the fatigue
under combined acoustic and
manoeuvre induced loads.

Investigate the application of acoustic
fatigue endurance date across a wide
range of structural geometries.
Development and investigation of
proved methods for non-
destructive damage detection i
Levers  ncoustc enviromments.
Invesijgate and improve the use and
val.dity of aceelerated testing,
Developinent and investigation of
rules {or zoning the atreralt to
Wentify arcas for detalled acoustic
analywes (e g regtans with loads
higher than 150 dB).

Development of techiniques te
determine the thenmal acoustic
respoise of damaged and repaired
sructures.

Development ol mechanisms for
abanrhng 'hermal acoustic energy.
Collection of endurance data for new
materials and acoustically resilient
sandwich pancls
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CURRENT AND FUTURE PROBLEMS IN STRUCTURAL ACOUSTIC FATIGUE

P.D.Green
British Aerospace Defence Limited,
Military Aircraft Division,
Varton Aerodrome, Preston
Lancashire, England

1. SUMMARY

Acoustic fatigue failures can be caused by
the dynamic response of aircraft
structures to unsteady pressure loading
from aerodynamic and engine acoustic
sources. The life of structures is often
difficult to assess accurately and may be
greatly affected by steady thermal,
in-plane and out-of-plane panel loads.
Furthermore, currently available methods
do not enable fatigue life assessments of
the substructure to be made, despite these
failures occurring regularly in service.

This paper discusses current problems
associated with structural acoustic
fatigue and extends upon this to account
for likely clearance philosophies and
configurations for future aircraft.

2. INTRODUCTION

In the late 60's to mid 70's, aerospace
companies and research establishments were
involved in the development of dynamic
response methods and generation of
endurance data, culminating in the
publication of the ESDU data sheets[1] and
AFFDL design guide[2].

A major part of the work was based on
simple methods for response prediction,
using fundamental mode approximation, for
the estimation of induced stress or strain
under the action of random acoustic
excitation. Such methods assume linear
behaviour and a normal mode approach.
These methods, validated for simple
aluminium alloy structures, are still
extensively used today.

However, the airframe manufacturer is
required to meet ever more stringent
performance and mass targets, being
achieved through developments in optimised
and efficient design of structures, and

the introduction of new materials. There
is a corresponding need for development in
acoustic fatigue design methods and data.
The need becomes particularly acute with
current STOVL (short take off and vertical
landing) developments which tend to
increase the severity of acoustic loads.

Such is the interest in this subject
across both the military and civil
aerospace sectors, that many European
airframe manufacturers and research bodies
recently collaborated on the subject of
Acoustic Fatigue and Related Damage
Tolerance of Advanced Composite and
Metallic Structures{3]. However, despite
producing an immense amount of extremely
valuable data, the programme has probably
raised more questions than it has
ansvered.

This paper surveys acoustic design
practice as it is today, seeking to
identify current shortcomings, and goes on-
to look forward towards the likely '
requirements that will be introduced by
future aircraft projects.

3. ACOUSTIC FATIGUE - CURRENT DESIGN RULES

3.1 The Phenomenon of Acoustic Patigue
Engine efflux, boundary layer and .
separated aerodynamic flow are all typical
sources of acoustic pressure fields. Any
structure along the path of this broad
frequency range, random load, environment
will respond by vibrating. Although the
cycles of stress so produced are small,
often much smaller than the stresses
induced by aircraft manoeuvres, they are
far more numerous and usually at high
frequency. In consequence, fatigue
cracking can occur after a very short
period of time.
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Acoustic fatigue damage may be evident in
various forms, e.g., cracking or
delamination of skin, stringer, rib or
frame, or inter-connecting cleat elements.
Typically, damage is found at the edges of
panels, bays and cleats, emanating from
fastener holes and changes in section.

3.2 Basic Design Process

To avoid acoustic fatigue cracking, it is
clear that a design process must be able
to tackle the following aspects:

(i) evaluation of the magnitude and
character of the acoustic environment;

(ii) estimation of the structural response
to that environment;

(iii) estimation of the fatigue life under
the induced stresses.

To support design prediction, suitable
testing must be carried out both to derive
the design data from which the predictions
are made and to confirm the final design.

An efficient process also requires rules
defining where complete and detailed
analysis must be undertaken (e.g. covering
critical structure in close proximity to
acoustic sources) and where it can be
omitted, i.e. zoning.

These aspects are dealt with in more
detail below.

3.3 Acoustic Environment

Acoustic pressure levels from engine or
aerodynamic sources obviously depend on
engine settings and aircraft flight
conditions. Currently, where there is no
appropriate data for future projects,
empirical or semi-empirical methods[1l] are
used to estimate the levels, which are
accumulated over the range of conditions
needed to represent the life of the
aircraft.

These methods, although adequate for
simple situations, are increasingly found
to be insufficiently accurate for modern
optimised design at high jet pressure
ratios and temperature. In addition,
occasionally, factors have to be added
vhere uncertainty exists as to whether
predicted levels are large enough to
reflect actual aircraft conditions.

Almost inevitably, predictions have to be
refined at a later stage by flight
measurements. The consequent risk of

demonstrating the inadequacy of the design :

at this stage is obviously undesirable.

3.4 Structural Response

Once the acoustic environment has been
defined, the response of the structure to
it is currently evaluated using simple
equations or proprietary finite element
codes.

In the former approach, e.g. ESDU or
AFFDL, the structure is idealised to
determine the fundamental mode frequency;
this involves taking into consideration
the effective size of the panel, edge
fixity and curvature. Stress levels are
predicted at the critical stress location,
assuming uniform static pressure loading
on the panel, with the assumption that. the
static deflected shape and the mode shape
are identical.
the pressure field is in-phase across the
panel and there is little difference
betveen maximum response levels at normal
and grazing incidence to the panel in the
fundamental mode, and that the damping is
small. Further, analysis is confined to-
very simple idealisations.

With all these assumptions, it is not
entirely unexpected that significant
differences (by as much as a factor of 2)
emerge between stress predictions and test
measurements{4]. '

Finite element analysis methods enable
more complex structural features, with
detailed acoustic loading characteristics,
to be analysed. Higher order modes, in
addition to the fundamental, can also be
determined. The process involves
assessing the frequency response of the
structure across the relevant frequency
range to derive the power spectral
densities of stress response. The
probability density function of stress
levels involved are usually represented by
a single equivalent rms (root-mean-square)
level.

Hovever, for both the above methods, the
stress prediction assumes that the
response of the structure is linear; from
tests performed on thin metallic and
composite panels at high sound pressure
levels[3,5], non-linear membrane effects
are evident.

It is further assumed that



3.5 Acoustic fatigue life estimation
Derived stress levels in rms form for
particular flight cases, are used together
vwith rms stress endurance data[1,2] to
estimate fatigue damage for each case.
These 'unit’ damages are then accumulated,
assuming Miner’s Rule, according to the
mix and duration of the flight cases which
go together to reflect the complete life
of the aircraft. Overall damage can then
be used to estimate the fatigue life of
the component.

However, life estimates have not been
particularly accurate and factors
correlating prediction with test have
occasionally been large. Of the possible
reasons for these discrepancies, three
stand out as being particularly important.
The first is the use of rms levels in ihe
damage analysis; they cannot be expected
to reflect the more complex behaviour of
the range of stresses they are
representing. The second concerns the
presence of other sources of loading
acting simultaneously with the acoustic
loads. At present, there is no
satisfactory way of introducing these
effects into the analysis. Thirdly, the
applicability of available endurance
design data to cover a wide range of
geometries is questionable.

3.6 Acoustic testing

Acoustic fatigue testing is performed for
tvo quite distinct reasons. The first is
to provide data, usually from tests on
coupons, from which design curves can be
generated. The second is to confirm the
design, by test on a complete component or
assembly,

Data tor design curves are usually
obtained, under random loading but at a
constant input rms acceleration levels,
using shaker tables exciting the simple
coupon test pieces at resonance. Plain
coupons or simple elements representing,
tor example, substructure, skin,
fasteners, lay-up, changes in section or
jointing compounds can be tested in this
vay. The endurance life is usually taken
as the time to vhen cracks or
delaminations are first detected or when
degradation in the fundamental trequency
falls by a specified amount.

1-3

A number of problems have been encountered
vith shaker table testing. Firstly, it is
questionable hov representative of real
aircraft structure under acoustic loading,
are the simple coupons tested under
inertial loading. The ability to induce
correct mode shapes and types of failure
is fairly limited. The point of failure
is also very difficult to determin=, and
estimating the duration to that point
often requires “lie somewhat dubious
practice of zllowing a time for ’‘settling
in’ of the coupon.

Qualification testing - proving the design
- involves the use of noise ducts and
reverberation rooms as well as shaker
tables, depending on component size, the
characteristics of acoustic pressure field
and magnitude of levels required. Unlike
conventional fatigue testing, full scale
acourtir fatigue testing is not normally
performed; it is both impractical and
costly. Aero- or engine-acoustic
environments would need to be generated by
vind tunnel and angine sources, acting
simultaneously to enable interactions to
be simulated. Instead, testing is
performed on relatively small components
or assemblies where the required localised
acoustic pressure field can be simulated
in a more practical manner.

Noise ducts employ electro-pnuematic
transducers to generate the acoustic
pressure field, exciting the component at
grazing or direct incidences. Problems
with this type of testing include
unrepresentative non-linearity of the
pressure field at high acoustic levels,
limitations in simulating the correct
pressure variations within the duct,
together with the potential unwanted
interactions vith the acoustic behaviour
of the duct itself.

A reverberation room would tend to be used
vhere acoustic excitation is expected to
be extremely diffuse (i.e. vhere the
excitation is random in direction). So
far, these have not been extensively used
within BAe MAD and experienc~ is limited.

The use of shaker tables for qualification
testing is beset with the same problems as
noted in the previous section.
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Whichever method is used, the testing
situation is complicated s:ill further by
the impracticability of applying a full
life time of typical aircraft acoustic
loads. The test time is usually shortened
to a more realistic duration by factoring
up the acoustic levels. However, there
are obvious questions as to how large the
factor snould be and whether the resulting
accelerated testing induces the correct
stress levels and modes of failure.

3.7 Zoning

It is not practical to perform detailed
acoustic fatigue analysis for all parts of
the airframe. At present, those parts of
structure near the source, or along the
patn of significant acoustic pressure
field intensity are given particular
attention.

At present, for guidance in military
applications, BAe consider detailed
analysis essential in areas where acoustic
levels are 150dB (OASPL) or above. This
does not prevent attention being given in
other zones if the specific situation
demands it. In fact, there is still some
doubt as to whether the level of 150dB is
sufficiently low to identify all
significant problem areas.

4. ACOUSTIC FATIGUE - FUTURE REQUIREMENTS
It is highly likely that in future,
specitic military projects will require
STOVL capabilities. Whatever the form of
propulsion chosen to produce this, it is
inevitable that the system will exhaust
closer to the structure when compared with
move traditional designs. Structure will
have to withstand much higher levels of
acoustic and thermal loading, and for
longer periods.

In this respect, a great deal of
experience has derived from the Harrier
programme not only in setting out the
rules tor design but also assessing where
rules have been insufficient and
identifying aspects of acoustic fatigue
which could not have been foreseen. But
it is fair to say that the future airvcratt
wvill be move advanced in terms ot
pertormance and a more severe thermal
acoustic environment is likely to exist,

Deployment of stores from internal
cavities, buried engines, and panel

designs with higher response
characteristics all increase the
aggressiveness of thermal acoustic
environment acting on the structure.

In addition, higher performance requires
more optimised structure where compromises
between weight and material and structural
properties lead to more marginal
clearance. There is also an increased
emphasis towards structures which are
damage tolerant and durable. At present,
thermal acoustic methods and data are not
sufficiently developed to provide
confidence in clearing such critically
designed structure.

5. WAY FORVARD

It is apparent from the previous sections
that much development needs to be done to
achieve proficient acoustic fatigue design
for the future. It is important that all
aspects of the process are improved. Some
under active investigation are given
below.

In particular:

- development and investigation of
improved methods of accurately
predicting fluctuating pressure levels
and associated spectral content for
engine efflux, boundary layer and
separated aerodynamic flow;

- development and investigation of
improved methods of accurately
predicting the structural response to
acoustic environments, covering more
complex structure and also non-linear
effects;

- investigation of the representation of
acoustically induced stress spectra
(rms) leading to more accurate fatigue
analysis;

- development and investigation of
satisfactory means of assessing the
tatigue performance under combined
acoustic and manoeuvre induced
structural loads;

- investigate the application of acoustic
fatigue endurance data across a vide
range of structural geometries;




- investigate and improve the
understanding, applicability, together
with the manipulation and use of
results from shaker, noise duct and
reverberation room tests;

- development and investigation of
improved methods of non-destructive
damage detection in severe acoustic
environments;

- investigate and improve the use and
validity of accelerated testing
techniques;

- development and investigation of rules
for zoning the aircraft to identify
areas for detailed acoustic analysis;

- development and investigation of
techniques to deal confidently with the
thermal acoustic environments associated
with STOVL or features which induce more
severe acoustic environments.

Developments listed above will provide the
basic tools for thermal acoustic fatigue
design. Many other issues are involved to
extend this capability and to investigate
methods of reducing damage. Some of the
more important include:

- continued development of acoustically
resilient sandwich panel structural
design to meet high stiffness to weight
requirements;

- optimisation of substructure design to
meet the integration of the above panels
and satisfy types of panel edge {ixation
and minimise vibration transmission;

- development of techniques to determine
the thermal acoustic response of damaged
and repaired structure;

- development of mechanisms for absorbing
thermal acoustic energy.

6. CONCLUSIONS

This paper has reviewed current acoustic
fatigue design practise and identified
current shertcomings. Further, it has
identified the areas vhere development and
improvement is required, to meet future
aircraft vequirements, some of which are
being addressed today.
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Summary

Compared to fixed wing aircraft, helicopter interior
noise is higher, and subjectively more anroying. This
is mainly due to discrete frequencies by the main
transmission system, and also from other components
like main and tail rotor, engines, or cooling fans. Up
to now, mainly passive measures have been used for
interior noise reduction. Despite intensive experi-
mental and theoretical investigation to improve
acoustic treatment, their weight penalties remain high
especially in the low frequency range.

Here, active noise control offers additional
capacities without excessive weight efforts. Loud-
speaker based systems are sufficiently well develo-
ped foar implementing a prototype system in the
helicopter. Two other principles are in development:
Active panel control which introduces mechanical
actuators to excite the cabin walls, and active control
of gearbox struts with actuators in the load path
between gearbox and fuselagas.

1. Introduction

Helicopters serve many markets and perform
various functions; from military and police missions to
oil rig supply, emergency tasks, executive transports
and commuter operations. Therefore, unlike for
commercial fixed wing aircraft, the helicopter design
has to meet many functional, and economic
requirements and is not optimized for single use. The
interior noise of existing helicopters is unacceptable
high and may even affect the hearing integrity of
passengers without ear defenders. The eftect of noise
on passengers and pilots is reflected in spontaneous
complaints reported to the manufacturers or as results
of physiological studies.

In light helicopters, major noise sources are near
the passengers’ heads. However, the effectiveness of
noise control measures such as sound absorbing
materials and damping sheets, is limited not only by
weight but also by space constraints, especially at the
ceiling. The weight penalty of conventional acoustic
treatment is severe, it degrades performance and in
most cases, the residual noise levels still remain
relatively high. In contrast to other aircraft, for example

resented at the 78th meeting of the AGARD
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propeller driven aircraft, the helicopter interior noise
contains a high amount of discrete tones which are
more annoying than a broadband noise spectrum.

In addition to pure tones, there are interactive
effects of noise and vibrations which cause an even
more stressful environment for passengers [1].
Especially in rescue helicopters it is often not possible
to wear ear protection for medical  -sonnel and
injured persons because of communication reasons.
For pilots and medical personnel, performing
responsible and high sophisticated work, a suitable
environment with acceptable levels of noise and
vibrations is necessary.

2. Status of Helicopter internal Noise

Most flying helicopters are in general not
designed for low intericr noise levels. Therefore, all
existing helicopter with low interior noise are penalized
by the additional weight of the interior trim.
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Cabin noise levels for untreated helicopters are
higher than 100 dBA, although this level varies bet-
ween helicopters of different size, performance,
gearbox construction, etc. Most standard helicopters
with minimum noise requirements have levels of about
90 to 95 dBA. Soundproofed versions for passenger
transport show interior noise levels of about 85 dBA,
in some cases like VIP helicopters even lower. The
weight of the additional treatment is at least 2% of the
helicopter take-off weight.

Figure 2. Typical Interior Treatment for High

Comtont Passenger Transport

Figure 1 provides a general overview of interior
noise levels inside soundproofed helicopter cabins
compared to fixed wing aircraft. The main difference
to the noise spectrum of an airliner, here represented
by ar Airbus A320, is given in the frequency range
below 1000 Hz.

Figure 2 shows an example ot a high insulating
interior treatment for VIP transport. For cotifort and
design considerations, the internor panelling is very
heavy to ensure adequate ransmission loss.
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Figure 3.

The internal noise problem will even increase,
when new composite materials are introduced to
helicopter design. Figure 3 shows transmission loss
measurements of a conventional aluminium structure
and a honeycomb structure, both in a configuration as
used in helicopters. The poor performance of the
composite panel is caused by the lower weight of the
structure itself and due to the reduced number of
stringers and spars necessary to provide the same
stiffness. 1t can be foreseen that new helicopter
designs with composite materials will be faced with
increase  oterior noise preblems.

3. Require s for lnterior Noise

Often noise considerdtions during helicopter
cabin design are of no necessity, since part of the
helicopter missions does not require exceptional low
interior noise levels. On the other hand, interior noise
reduction plays an important role in passengers’
acceptance for future helicopter transport.

Nowadays helicopter design takes care of
acoustic constraints already in the early design stage.
The design goal of an advanced helicopter with low
interior noise level has to include the following
considerations:

@ Human hearing characteristics including hearing
risk criteria: Up to now there is no generally
accepted limit which defines the comfort threshold.
In some countries, there is an requirement for a
maximum noise level inside the cabin which should
not exceed an 8 hr equivalent continuous noise
level L, of 85 dBA.

The interior noise level of passenger transport
helicopters is more and more oriented towards
fixed wing aircraft. However, to reach this goal the
level must be considerably reduced compared to
existing helicopters. The airliner standard is about
75 dBA. Modern turboprop aircraft also show noise
levels below 80 dBA.

® Speech Interference Level (dB(SIL)): The method
commonly used to estimate speech intelligibility is
based on the measurement of the ncise at the
listener's ear and a comparison of this value with
maximum allowable noise levels for undistorted
speech. Hereby, only the frequency range from
350 to 5600 Hz is cunsidered. Modern helicopters
are aiming to a SiL value below 75 dB(SIL) which
allows communication with normal or slightly
increased voice eflort.

e Comfort considerations (frequency analysis):

More than the integral noise level, pure tone
components degrade the comfort inside the heli-
copter, Especially, as the main gearbox is attached




directly to the cabin deck of the helicopter, a large
amount of discrete frequency components are
emitted into the cabin.

As the A-weighted dB-sound pressure level often
does not represent the subjective impression of
noise as accurately as necessary (Figure 4),
afternative noise measurement systems are
recommended which model the noise reception of
the human ear more realistically. An example is
the Zwicker method for calculating loudness levels
(I2}, [3)). based on frequency noise spectra mea-
sured in 1/3-octave bands, This calculation method
is also used by ECD.

loudnesacontowr | . ... ... R S

10 for 00 dB 7=
0 /—-br_

)

2 90 ] R S
TR

A ) Range of Speech ’

Interference Lovel
40 ¢-7. A-w-lgméng ..... . 5 AR
curve

32 63 125 250 500 1000 2000 4000 8000
Frequency [Hz]
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More advanced measurement systems use
artificial heads with a detailed modelling of the
human ear. Existing systems include

- modulation of tonal effects

- relation of higher frequency parts of the
spectrum to lower frequency parts

- harmony (relation of tonal components})

- masking effects of the human ear

- directivity of the human ear

4. Hellcopter Noise Sources

There are numerous sources which contributes
tothe noise level observed in the helicopter cabin. The
main sources and their location with respect to the
passangers is given in Figure 5. Those which domi-
nate atypical spectrum (se Figure G), are both totors,
the engine and auxilliary equipment, airframe noise,
and the main transmission. Generally spoken, the
spectrum of helicopter cabin noise comprises a
complex series of harmonically related discrete tones,
superimposed to broadband noise. The sound is
transmitted into the cabin either by airborne or struc-
ture-borne paths and in some cases by both.
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The rotor noise in the cruise flight regime is
generated mainly by two mechanisms. The first one
is a monopol source called thickness noise, which is
due to the fluid volume displacement of the moving
rotor blade and becomes a major contribution at high
advancing blade Mach numbers. This component is
highly directionally. The second type is a dipole source
named rotational noise which is generated by the
aerodynamic lift and drag forces excerted by the rotor
blade on the surrounding fluid. Due to the reiative low
frequency range, the rotational noise has very little
influence on the A-weighted noise level inside the
cabin.

wmmea Rotor Nolse M
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Figure 5.  Helicopter Internal Noise Sources

The most annoying rotor noise is blade slap. This
highly impulsive sound is generated by blade vortex
interaction and is emitted due to its impulsiveness at
higher rotor harmonics. Thus, it can become a major
contributor to helicopter interior noise as shown in
fluctuating surface pressure measurements on the
roof of a BO 105 helicopter conducted by the DLR [4].
During blade slap condition, the surface pressure
levels were 20-30 dB higher compared to normal
horizontal flight. Furthermore, the measurement
showed for this specific helicopter type, that the
transmission loss of the cabin wall is a minimum in the
frequency range of highest rotor induced noise levels.
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Figure 6: Typical Intetior Noise Spectrum in an
Untreated Small Size Helicopter




Another aerodynamic source is the boundary
layer noise along the fuselage. Especially in the door
region, the sound level increases with flight speed
because of broadband noise generated by the air
streaming along the helicopter fuselage. Further
sources for internal noise are auxilliary power units,
heating systems, pumps and fans which contribute
more or less to a frequency spectrum, depending on
the type of helicopter. In the BK 117, for instance, itis
the oil cooling fan which transmits a discrete tone at
1900 Hz into the cabin by an airborne path.

The most annoying noise source, however, is the
gear noise of the main transmission which propagates
on a structure-borne as well as airborne path into the
cabin. The meshing frequency, giving rise to high level
discrete tones, is equal to the number of gear teeth
times the rotational speed. The sound enters the cabin
directly by acoustic transmission of airborne noise
through the cabin wall and aiso due to structural
radiation by the gearbox struts, the airframe, and
finally the interior surfaces such as the floor, doars,
windows, and trim panels (Figure 7). The frequency
of this noise ranges from about 500 to 3000 Hz and
matches exactly the peak responses of the human
ear. The narrow band sound is subjectively more
annoying than broadband noise of the same sound
pressure level.

The position of the main transmission relative to
the passengers is a major tactor regarding the mag-
nitude of annoyanze. The worst case is, when the
gearbox is located on top of the cabin above the

Gearbox Gearbox
Vibrations Sound
Mounling Acouslic
Features Radiation
Structural Acoustic
excitation of excitation of
cabin frame cabin structure
Vibration of Acoustic leaks
cabin and holes
suriaces on cabin roof
Acoustic
Radiation
Noise tield
Inside the cabin
Figure 7. Noise Transmission Paths from the

Gearbox to the Cabin

passengers seats. In small helicopters, effective noise
reduction measures are often limited at the ceiling due
to the head clearance of the passengers (see
Figure 5).

5. Reduction of Interlor Noise

Noise reduction at the source of existing heli-
cogpters offer some specific problems because each
modification is associated with performance penaities
and safety reasons. The palliative measures for
passive noise reduction are dependant on the trans-
mission paths. If the structure-borne path dominates,
structural modifications at the airframe/cabin interface
become necessary. If, however, the air-borne path is
shown to be dominant, a soundproofing scheme is
necessary with the target to concentrate these
treatments where they are needed most in order to
keep the weight penalties as low as possible.

For future helicopter develcpment, the reduction
of interior noise is one of the major challenges. There
were several company related interior noise reduction
efforts over the last decade ([5]. [6] and [7]). A
promising programme for interior noise reduction is
seen in the current BRITE/EURAM project RHINO
(Reduction of Helicopter |nterior NQise). The project
is supported by the Commission of the European
Communities (CEC), Directorate for Science,
Research and Development. Based onthe experience
of the ASANCA (Advanced Study of Active Noise
Control of Aircraft) project RHINO represents a
balanced and integrated approach to the solution of
the closely linked problem of noise and weight control
[8]. The noise control strategy within RHINO deals with
four different areas:

noise reduction at the source: Gearbox noise
source strength description, and reduction of
gearbox noise,

noise transmission path: ldentification of the naise
transmission paths and reduction of struc-
ture-borne gearbox noise by an active strut,

propagation of noise to the receiver: Oplimization
of passive noise reduction, active panel control,
and actlive control by loudspeakers,

development of an interior noise prediction code.

5.1 interior Nolise Prediction

Theoretical prediction of internal noise is an
esse.tial prerequisite for the design and optimization
of noise reduction measures of tuture helicopters.
Besides Finite Element (FEM) and Boundary Element
Methads (BEM) for the lower frequericy range, the
Statistical Energy Analysis (SEA) is a prediction tool
useful for the higher frequency range.




A new approach to SEA is currently developed
under the BRITE/EURAM Research programmaz
RHINO in an attempt to overcome the difficulties in
the gearbox related frequency range where the other
prediction methods are impracticable, This Advanced
Statistical Energy Analysis (ASEA) is based on a
travelling wave approach which allows a consistent
mathematical description for the vibrational and
acoustic energy flow into different coupled sub-
systems avoiding as much as possible empirical
coupling coefficients required by conventionally SEA
methods. So farthe mathematical subsystems consist
out of plates and beams and plates with beams for
which the reflexions and the transmission coefficients
can be calculated exact for ideal connections. Even-
tually the real helicopter structure will be broken up
into the subsystems available within ASEA possibly
requiring hundreds of subsystems similar like the
elements for present FEM codes.

In the context the effect of sound absorption in
porous media is investigated for to include suitable
physical/mathematical models in the ASEA environ-
ment. Sound absorption measures will influence the
dynamic and acoustic behaviour of a complex
structure like a helicopter cabin in ditferent ways. For
a foam fixed to a homogeneous panel the increase in
weight and stiffness can be taken into account by
modifying th2 elastic parameters of the plate. Acoustic
effects of the foam are changed to the radiation
efficiency for the plate and changes to the reflexion of
incident sound waves from the panel. This will influ-
ence the calculated sound pressure levels for cavities
as well as the transmitted sound through double walls
containing absorption foam, which is common
construction for helicopter cabins with trim panels.

in general the acoustic effects are taken into
account by replacing the porous medium by a fluid
layer with effective compressibility describing the
energy loss for the sound wave traversing the layer.
Common models are based on a number of empirical
parameters related to pore shapes, tortuosity, friction
loss, etc increasing the difficulty to calculated the
absorplion and the transmission of sound with a
consistent model.

A new model tor the absorption of sound has been
developed [9) requiring only geometrical parameters
of foams with open cells which can be determined
completely from microscopic pictures. The geometri-
cal parameters required are the pore size, the area of
connection between the pores and the statistical
distribution of these parameters within the foam. The
model basically consists out of two steps. One step is
the mathematical description of the sound pro-
pagation within the pores and the other step is the
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statistical model to derive effective medium
parameters taking into account the variation of pore
sizes and conliection areas within the foam.

The basic physical model for the porous medium
is a three dimensional grid of spherical Helm-
holtz-Resonators which are interconnected. The pore
size determines the volume of the resonators and the
connection areas correspond to the neck areas of the
resonators. Energy losses are due to the frictional
losses of the compressed air to the walls consisting
of foam material. Both effects can be calculated for
the assumed geometry without empirical assumption.

in the second step the effective frequency
dependent sound velocity is calculated by a numerical
integration over the statistical fluctuating geometrical
parameters of the pores. To determine the effective
medium parameters a method is adapted which allows
to calculates the effective impedance for three
dimensional networks with local disturbances. Applied
tothe foam in general the result differs from calculating
the sound velocity for average pore size.

Figure 8 shows acomparison between measured
absorption coefficients for the impedance tube ard
calculated ones for the new model. Compared to
conventional models the agreement is reasonable
well enough to take advantage from the fact that only
geometrical parameters of the foam were used for the
calculation and no additional empirical parameters
had to be introduced.
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Figure 8. Compartison of Measured (@) and

Calculated (*) Absorption Coefficiunts

5.2 Nolse Transmission Path identification

The noise teduction strategy which is most
effective for internal noise, depends fundamentally on
whether the acoustic energy is transmitted to the cabin
mainly by an airborne or a structure-torne path. Up
to now, only experimental path identification methods
are feasible to answer this fundamental question for
each individual helicopter.

A




DRA has developed a method for the identifi-
cation of the hoise transmission paths [10]. During
flight tests, the acoustical and vibratory excitations are
measured with a number of differently oriented
interface response transducers which register the
magnitude as well as the phase. In a subsequent
ground test, mechanical exciters are used at the
gearbox to reproduce the in-flight response. Finally, a
linear superposition is done to numerically simulate
the in-flight response at the interface by using an
adequate fitting process.

5.3 Optimization of Soundproofing

In the development of any new aircraft, it is
necessary to optimize the interior trim in order to meet
noise and weight targets. In the past, this has been
accomplished by using sound pressure measure-
ments and a combination of experience and ad-hoc
modifications which often ended in an iteration
process of maasurement and modification. This can
be costlv and inefficient, and the final solution is not
necessarily the optimum one.

Irrespectative of the potential benefits of active
noise control, there will always be a requirement for
passive measures, especially since many of the active
noise control systems are restricted to certain fre-
quency ranges or merely to some discrete frequen-
cies. With regard to the surface area and due to
structural considarations, this trim will be a substantial
proportion of any noise control strategy. To ensure a
maximum of noise reduction with a minimum of
additional weight, itis important to achieve an optimum
trim distribution. This is of special importance for
modern fuselages made out of reinforced compuosites,
since these helicopters are tacing sevete noise pro-
blems compared with conventioral aluminium struc-
tures.

r—-—————Stringers
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Figure 9:  Sound pressure level of the RHINO test
structure (238 points, 2000 Hz 1/3 octave
band)

Within the RHINO programme, the potential of
sound intensity is investigated as a measuremert
technique to optimize a typical helicopter trim package
for minimum noise and weight. Sound intensity
measurement is used to calculate the sound power
radiated from discrete trim areas fitted into a curved
helicopter test structure. It will be subjected to a
combination of mechanical and/or acoustic exci-
tations. Interior trim panels coated with various
damping layers will be tested. Ranking the radiated
sound power will enable a localized trim distribution
and thus a weight minimisation. The capabilities of the
sound intensity method to determine loccal noise
radiation and acoustic leakage can be seen from
Figure 9.

Other subjects for application of sound intensity
are feasible and would increase the knowledge ot the
acoustics of helicopter cabins:

detailed analysis of the amplitudes and phases
of the sound pressure inside the cabin.

analysis of noise transmission pathes by mea-
surement of the sound intensity inside and outside
the cabin combined with vibration intensity flow
measurements

real time source location with a three dimensional
vector probe.

5.4 Passive Means for interior Noise Huduction

Within the scope of optimized passive noise
reduction, muititayer tnm panels were tested with
respect to giobal and discrete frequency damping.
Several test structures, similar to helicopter structural
components, were arranged in atest window between
reverberation room (excitalion) and anechoic room
(measurement).

Figure 10.  Test Set-up for Improvement of Cabin
Door Transmission Loss




Figure 10 shows as an example the test set-up
tor the BO 108 (EC 135) cabin door improvement
programme. In addition, a flat and a4 curved
honeycomb structure, and an aluminium structure
were tested. All the test structure were manufactured
similar to real helicopter structural pans. The sound
field data acquired with the intensity measurement
technique was used to determine the distributions nf
radiated sound power.

The transmission loss of the BO 108 (EC 135)
door components - window, spars and honeycomb
structure - was measured at 31 points. Based on the
iocal sound power radiation, modifications to the cabin
door .. ..eimplemented in order to reach an adequate
damping characteristic of all door components. Figure
11 shows the transmission loss values before and
after modification.
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Figuis 11:  Sound Transmission Loss of the BO 108
cabin door before and aiter Modiication
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Figute 12 shows measutements of the trans.
frussion kiss of various tun pansis. The matanals were
differeit in thickoess, mass andd stiffness  The
ttansitession ass inClenses with weight, as pxpected
Normalued to the sama weiht, the Polycarbona (PC)
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plate (1) and the Glass-fibre-reinforced-composite
(GFRP) plate (2) show the same transmission loss,
whereas the 6 mm Nomex honeycomb plate (3) has
significantly lower values.

An increase in transmission loss was achieved by
filling the 25 mm space between fuselage structure
and panel with foam (4). The transmission loss
increased by 3 to 10 dB at frequencies above 250 Hz.
A further noise reduction is achieved by adding ot a
light-weight third soft layer (Nr. 5 of Figure 12).

5.5 Resonators for Additional Absorption

in the lower frequency range, the sound <energy
can not be absorhed sufficiently due to the relative
large wave lengths compared to the thickness of
absorption materials. Here, resonance absorber
systems offer an additional sound reduction,
especially for light helicopters which normally cannot
provide the space required for conventivnal mea-
sures.

Resonance absorbers like the Helmholtz reso-
nator are mass-spring systems. The air in the hole ot
the resonator can be regarded as the oscillating mass.
The chamber volume located behind, is equivalent to
the spring. The attenuation bardwidth of a these
resonators is relatvely narrow. By selecting ditferently
tuned resonators, the bandwidth can be spread to a
broader characteristic. Modern helicopter tusei. je
designs imply mofe and more honeycotnb structures
which can easily be convetted to Heimholtz resona
tors {Figure 13). By perforating the cover layer of the
hongycomb wall, requentially tuned tesonators are
otiained

Fiygure 13 Honeycomb  Cotes  Converted 1o
Helmholz Resonators  (25% o the
Cotns)

A honeycomb panel was testod witt i 12, anxd
25% of the honeycomb chambers used as resonaton
They woere tuned to the most annaying gearbox
fiequency o 1900 Hz The absoarplion coethaen of
the wall without teson. ‘s 18 lower than U 12 at
1900 Hz As can be seenin Figure 14, absorphion and
bandwidth wncreased strongly with the resonator
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density. An abcorotion degree of 0.98 has been
achieved if every forth honeycomb core was con-
verted to a resonator. It should be noted, that this kind
of absorption inside the cabin requires no additional
weight.

1

Sound Absorption Coefficient
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Figure 14.  Absotption of the Honeycomb Plate with
Difterent Number ot Cores Converted to
Resonators (6%, 12%, 25%)

Resonators ate also able to reduce noise at the
source. for example at an ol cooling tans. Fan noise
may be dwided nto a rotational and a vortex
cothpanent. The rotational partis a sefies ot discrete
tones ot the fundamental biade passage frequency
and s heemornics Bocause of the constant rotation
pravaled by the main gearbox, tesohstors are
approphate means o reducing the rwotational nose
component
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For investigations with a 8 bladed radial fan, a
ring was fixed to the air inlet containing three rows of
Heimholtz resonato.s, which were tuned to different
frequencies. The frequency spectium with open and
closed resonators is shown in Figure 15. This design
of an inlet silencer provides a rather broadband and
not only a discrete frequency damping characteristic
with considerable high sound pressure level reduc-
tions. As the volume flow of the fan changed only by
1%, the efficiency of the fan will not be influenced. By
a close arrangement of the resonator layers, it is
possible to integrate the resonator ring in the air inlet
structure.

5.6 Gearbox Noise

The transmission system of a helicopter gene-
rates a discrete frequency hoise which is mainly
rransmitted into the cabin by the gearbox struts. In
general, there s very little structure-borne noise
attenuation througn any path between gearbox and
cabin because there are only small impedance
changes to cause major losses. As an example, in
Figure 16, a simultaneously measured gearbox
vibration and a cabin sound spectrum s shown. Tae
transfer of the acceletation ievels into the cabin is
very mpressively ilusttated in this Figure.
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Caben Sound Levelt Measured 0 the
BK 117




it is highly desireable to decrease the noise
emission of the gearbox itself because a reduction at
the source is more effective and less weight con-
suming than passive measures inthe cabin. The major
design goal of a helicopter gearbox is minimum weight
combined with high reliability and an adequate service
life. Consequently, the toothing and bearing
characteristic of the gearbox is optimized in a way
which is often acoustically unfavourable,

A significant noise teduction was achieved by
EUROCOPTER France (for.nar Aeros,-tiale heli-
copter) in the modification of a Dauphin SA 365
gearbox. Hereby the input spiral beve! gear toothing
were redesigned to ensure a better meshing
continuity, which led to a reduction of the g<arbox
meshing noise by about 15 dB and the internal noise
by 6.5 dB SIL (Speech Interference Leve®* Further-
more, the noise transmission characteristic of the
gearbox mounts have been moditied by adding local
weights to the bars. The comparable low weight
penalty of 1.3 kg resulted in a reduction of the internal
noise by 4.2 dB(SIL)

A further reduction is expeced by a noise oriented
layout of the gearbox casing. By adding damping
materials to the casing or, even better, by using casing
materials that offer a large internal damping, the
vibration itself and the coupling effects between the
transmission excitation and the casing response will
be reduced.
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Figure 17 Impuadance Measurements enone of the
Four Vertical Gearbox Levers With and
Without Absorbers

Since design changes of the gearbox itselt are
often impossible, 1t is convenient to change the
transmission charactenstics of the geasbox striuts. An
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adjus ' ble resonance vibration absorber fixed to the
struts and tuned to the gearbox frequency absorbs
some of the acoustic energy. As an example,
Figure 17 shows the point impedance measurement
of one gearbox strut with and without absorbers. All
four vertical struts show similar frequency responses.

With absorbers - each one weighs about 0.8 kg -
the impedance increased dramatically. The position
where the absorber is fixed to the helicopter, is
essential for its design. The schematic diagram of the
test set-up is shown in Figure 18. Figure 19 shows the
accelerationtransmitted by the gearbox lever with and
without absorber during ground tests. The excitation
(by shaker) was at the gearbox side while the
~cceleration was measured at the attachment point of
the gearbox strut to the cabin structure. The vibration
transmission was decreased by a factor of 1000 at the
desired discrete frequency.

gearbox strut
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Figure 18:  Schematic  Diagram ot the  Test
Arrangement inside the Helicopter
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6. Noise Reduction by Passive Measures on
Hellcopters

As an example of an improvement of the interior
noise without large weight peralty, aBK 117 has been
equipped with some of the previously examined
damping and absorptive measures (improved double
wall system with additional soft layer, improved door
and window sealing, resonators). Compared with the
original equipment which also represents a noise
treated interior standard, the noise level could be
considerably decreased (Figure 20). At a flight speed
of 110 kis, the noise level reduction was 5 dBA. At a
higher flight speed, the internal noise level is
dominated more and more by boundary layer noise
especially in the cabin door region which linited the
noise reduction to 4 dBA at 130 kts. Still, these values
do not reflect the real improvement in comfort, since
very annoying discrete tones in the 2000 Hz
1/3-actave band were reduced by 12 dB at 110 kts
and 7 dB at 130 Hz.
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Figure 20:

7. Isolated Inner Shell

The problem of reducing structural tadiation can
be solved to a certain extent by use of anisolated inner
catin This concept consists essentially in imiting the
number of vibtahon ransnussion pithes by using a
sepacite frame tor the catin, which s mounted
vibrationally isolated ta the airframe by use of Jugh
mass transmussion barnets. The cotrect method of
mounting is essentiat to ensute that the high vibration
hovols of the witframe ate not transmitted to this inner
cabin . This  isolated cabin  concept  was
successtully apphed by Westland Helicopter on a VIP
Commando (11}, However, the innei shell concepts
realized up to now were a vety weight inteinsive and
expensive solution

(13147 14

8. Active Control of Noise and Vibrations
Conventional passive naise reduction methods
for interior noise like constructive modification of the
fuselage, gearbox mounting. or additional damping
and absorption often lead to an impairment with
respect to other design goals. Especially at low
frequencies, passive measures are inadequate
(heavy and space consuming) to provide the required
acoustic effect for low noise levels in the helicopter
cabins. Here, active noise or vibration control may
contribute significantly if discrete tones deteriorate the
passengers comfort. Active vibration control can be
applied to the gearbox itself, at the interface between
gearbox and cabin, and at the radiating interior trim
panels itself. Active noise control directly by
loudspeakers is applied to the interior noise field.

Active Gearbox Strut

Inthe past, active gear box struts were developed
by several manufacturers in order to reduce the 4/rev
cabin vibration levels. These systems were based on
hydraulic actuators and therefore restricted to low
frequencies. Figure 21 shows a principle scheme of
an active gearbox vibration control system. Active
systems with application to noise relevant frequency
ranges will use eiectrodynamic or magneto-restrictive
actuators.

rotor

-

Functional Scheme of an Active Geat
box Strut

fuselsge

Figure 21

Even in case of small hebcopters, fluctuating
torces on the gearbox struts are extremely tigh. The
energotic disadvantage by compensation of these
forces 15 obvicus. Furthermore, the gearbox s con-
nected 1o the ciabin by several eloments to transmit
forces and moments. Al ot them  Hansmat
struture-borne nase and therefore must be provided
with by an active system




Active Noise C | !

Active noise control uses an array of loud-
speakers to minimize the sound pressure level at a
number of error microphones inside the cabin. The
technology has been successfully applied to cars and
propeller airplanes [12], [13]. With respect to the first
three propeller blade passage frequencies, a
reduction potential of 10 to 20 dB were indicated.
Active sound control systems may be configured to
produce noise reductions at loca: regions or globally
throughout the entire cabin volume. The necessary
effort of the system is dependant on the complexity
and extension of the sound field. Feasible systems
include one loudspeaker and two microphones for
each passenger seat.

For helicopters, active noise control by loud-
speakers is thought to reduce the discrete frequencies
of the main and tail rotar up to 200 or 30u iz at the
maximuin. Howaever, 12 sysiem is not able to rope
with tonal components of the main fransmission which
start ta La significant above 30C Hz. Active vibration
cont.ol is here a more promising method to reduce
cabin ! .pise.

Active Controi of Panels

Wiihiri the BRITE, EURAM project HHINO, active
panel control will be investigated to reduce structurally
radiated sound by application ot active forces directly
i vibrating panels. Figure 22 shows a principal
scheme of an active panel control system. Basic
investigation of the global ayout of an a<'ive pane:
control prototype and the control aigorithin develop-
ment will be performed on a fiat honaycomb sandwich
structura. The implication of an active panel control
system by interaction ot heiicopter fuselage, panels,
actuators and sensors will be evaluated by use of a
realistic helicopter test structure.

Both tests will be used tor the definition o1
appropriate sensors and actuators. Thetest structures
will be excited with airborne and structure-borme
noise. The vesulting structural vibrations will be
suppressed by directly applying active forces to the
panels. High noise reduction is expected for single
modes by using point force actuators like electra-
dynamic snakers. As these actuators are heavy,
voluminous, and need a suppuiting structure,
distributed  actuators based on piezo-electric
materials will also be taken into consideration. The
main disadvantage of piezoelectrical materials is their
small displacement, however, research on new
materials like piezo-electric materials based on
bimotph principle are expected to overcoma this
disadvantage.

actuators

interior P"z:;b:;“
I 1
trim pane Sourcs
v
Sensor = l e ————
(acceleromater, maln rotor
microphons) - rotational signal
controller

Figure 22:  Principle Scheme of Active Panel
Control

The theoretical and experimental investigation
will lead to an adapted instrumentation for active
control experimentation. The resulting prototype
system will be applied and tested on the laboratory
test structure. The embedding conditions and the
excitation sources will be chosen in a way to simulate
as close as possible to real helicopter flight conditions.

Conclusions

inthe nast. cabin noise was often judged only by
its A-weight.d sound pressure level. The result was
a global noise reduction strategy, but in many cases
only with minor improvement in annoyance level. In
order o optimize the relation of noise reduction to
weight of the interior trim, subjective noise
measurement systems are very helpful to specify the
most annoying spectral components of the cabin
noise.

The cabin noise level of passenger transport
helicopters must be considerable reduced if they are
oriented towards fixed wing aircraft. However new
helicopter design with composite materials are facing
aven mere noise problems which are caused by the
lowar surface weight itself as well as the reduced
numoer of stringer and spars necessary to provide the
same stiffness. Consequently, additional sound-
proofing material is required to compensate for it.

Passive soundproofing design is mainly based on
past experience. However, there are possibilities of
improving the existing interior ‘rim. The sound
intensity mapping technique ¢‘oes help to find acoustic
leaks and thus enabling a localized trim distribution
with a minimum of weight. Acoustic resonators and
absorbers as well as an optimized double wall system
should be Included in a fully integrated passive
instailation.

Active noise control systems offer advantages in
the low frequency range, where passive measures are
limited in efficiency. A careful analysis of the
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performance of the active system on the global noise
reduction and annoyance improvement must be
conducted.
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DIMENSIONNEMENT ET QUALIFICATION
AEROACOUSTIQUE DES TUILES HERMES

B el L p—

AEROACOUSTIC QUALIFICATION OF HERMFS SHINGLES

par
C. PETIAU®

d o
A PARET
Dassault Aviation

RESUME ABSTRACT

Les problémes généraux de I'analysc aéroacoustique
sont présentés ici en prenant exemple de I'étude des
tuiles de la Navette Spatiale HERMES Le dessin
particulter  des  tuiles ¢t leur  environnement
aéroacoustique trés sévére rendaient 13 cette analyse
particuliérement difficile.

Les outils d'analyse disponibles sont passés en revue

» Moyens de calcul, qui sont globalement ceux de
I'aéroélasiicité,

o Moyens d'essais au sol (soufTleries, tubes 3 ondes
progressives, tables vibrantes. ).

Aucun de ces moyens ne peut étre suffisant, 3 lui scul.
pour valider lc dimensionnement des structures . cn
particulicr la modélisation des sources turbulentes
n'est pas possibic aujourd’hui ¢t 1a simulation expén-
mentale de lcurs cffets sur les structures semble trés
diffictle

En dépit de ces difficultés, en s'appuvant sur les cal-
culs et les essais préliminaires des tuiles HERMES.
unc stratégie rationnelle est proposée pour le dimen-
sionnement ¢t la qualification vis-d-vis de 1'aéro-
acoustique

On aboutit 3 un enchainement d'essais dont les cond:-
tions sont déterminées par calcul. les modéles de cal-
cul étant cux-mémes validés par comparaison aux
résultats d'essais

General problems of acroacoustic analysis are pre-
sented here, taking as an example shingle studies of
HERMES space shutile. Analysis of shingle behaviour
meets this problem in a parucularly difficult way
(very hard emaronment, specific difficultics duc to
design of shingles).

Available analysis tools are listed

s Calkulation means, which arc manly those of
acroelasticity,

¢ Ground test means (wind tunnel, progressive wave
tubes, shakers, )

None of these means can alone ssusiy ik needs of -

structural dimensioning and qualification ., 1n particu-
lar the calculation of turbulent sources ts not possible
today, and they are very difficult to simulate with
ground test of actual structural parts

In spate of these difficulties. and refernng 1o the pre-
hminary tests and calculations of HERMES shingles.
2 rational strategy 1s proposed for acroacoustic dimer-
sioning and qualification of structural parts.

This lcads to a succession of tests, the conditions of
which are determined by calculations, calculation
models being themselves validated by companson
with test results

* DASSAULT AVIATION - Cedex 300 - 92552 St Cloud Cedex - Tel 33(IW7 1131 89 - Fax 3YIH7 11 3400

**DASSALULT AVIATION - Direction Technique Espace BP 23 - 31701 BLAGNAC Cedex

Presented at a Symposium on ‘Impact of Acoustic Loads on Aircraft Structures” held in Lillehammer, Nom‘ay.' May 1994.
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INTROBUCTION

On appelic phenomenes “acroacoustiques” 'ensemble
des fluctuations de pressions ¢t dos vibrations de
structure engendrees par les ceoulements acrodsna-
miques turbulents ct Ies mour ements onde de choc
Pour les avions. Ie plus classique  des phenomencs
aeroaconstique oot Ie tremblement (Buffcting

Dans Ly pamme des movennes frequences (quelques
dizanes a quelques centances de Hertry, kes pheno-
INCNCs ACroucoustiques panent ¢ére woufce ée dom-
mages disers pour les structures o s equipements
des av.ons  fissurcs de fatizne. soire rudturcs stii-
ques s sont aussi soutes dincenlont pous bes prlotcs
Ctles passazers

Les problemes acrowoustique pousent ¢ rencomtrer
de fagon plus ou moins aigue pour tous les Hipes
davion, les oxempics ies plus classiqucs sont s aun
sillages Jacsofrein et de charges extercures Cepen-
dant i avee Fetude des tuiles de protecthion therms-
que de 1o navette HERMES que nous avons rencontre
les problemes dacroouttique el maumun
dacinte, cela du fast de Venvitonnement tres severe do
vehicule au lancement. de sa forme serody Ramsque
peit propree et de L speaficite structurale des tuiles

Notin Hlons exposer 11 les grandes Lignes des pro-
blemes poses par Ianalyvse acroacousiaque cn gencral.
s sont principalement liés aux difficuttes d'effecher
des calculs precss et de trouver des mosens d*~e<ars au
sol representatifs  Nous  presentons  icv  solutions
utthsables actucllement ct les dévcloppements qu'on
proposcrant 2 parur des legons tirees de Fetude des
tles HERMES | 115 sont globalemem transposabics
pour fa conception ¢t la qualficanon de cellules
d'avions plus classiques

AFROACOUSTIOUE DES TUILES HERMES

Potr fe proet de navette spatiale HERMES t'emviron-
nement acroacoustique e plus severe etant prevu pen-
dant les phases transsoniques du lancement tvorr
planche 2y cela tant du fait d'une pression dvnamique
relatinement clevee (9.45 ban, quen rason de la
torme tres emonssee de Favion (soir planche 1) Cette
torme est necessiarie pout himater Fechautfement cinge-
tque de rentree, mans clle ¢st pen propice pour eviter
les devollements decoutement ot fos nstabahites

donde de chwe

Dans certimes zones les aneaun accustigues globau
peuvent ettcindre 1ol db aunquels pamnent <¢ rajouter
dov Tuctuastions de pression de Tordre de 300 mb 2

basse fréquence (~ 10 hsy dues aux mouvements
d'ondes dc choc

Les éléments les plus sollicttés par cet cavironnement
acroacoustique sont les tuiles de protection thermique
auxquels nous nous ntéressons 151, clles couvrent
I'ensemble de intrados du véhicule ¢t la partic avam
du fusclage (vorr planche 1) - Elles sont constituees de
panncaux minces (épatsscur ecmaron | mm) ca com-
posite céramique C-SiC protégeant un bloc disolant
ultra leger fat de muttiples écrans réflecteurs séparés

par des feutres isolant. Ics principales caractenstiques-

sont résumces planche 3

Cettc conception de tule. dont on demontre pas
alleurs tous Ics avantages par rappornt a d'autres solu-
tions, nosamment par rapport au systéme de “Pave”
chotsi pour TOrbster US (vour reférence 1), presenie

des spécificites compliquant, s'il étast beson, analvse
adéroacoust:que par rapport a celic des structures clas.

siques, e sont

e Le maténry C-S$1C dont la rheologic est trés non-
hiaéasre (vorr planche 43, mais qus par contre pre-
scnic unc résistance mecanique sntcressante (au-
dela de 200 MPay et une trés faible sensibalité 3 la
fatiguc ct aux cffcts dentaillc (ce matenay sup-
poric par atlleurs des wempératures supenenres a
1300°C en restant trés Cublement sensible a Fovs-
danion) .

e La non-lincante d'effct de membranc tres pro-
noncee du panncau (voir planche 4 1a courbe de
fleche en fonction de la pression stauque) Cela ¢
tradurt ausss par unc tres forte sensinlité de La fre-
quernce des modes de vibration 2 fa pression sta-

tique ,

e Lc comportement complexe des joints ¢t de l'iso-
Lant interne (sandcur non lincaire, hysteresss. )

e L'eflct de rasdcur “pncumatique” important sus-
cepuible détre créé par air de 1a cavité sous tuske
(= 10 %a Jaugmentation de frequence fondamen-
tale entre unc tutle non ctanche ct une tuile ctan-
che. vour planche [0)

e [es effets de couplage acroclastique smportants
dus a la fmbic épaisscur relatise du panncau. gt
conduisent a unc sensibilite au Flutter dont Fana-
Ivse cst un preafable a celle de Pacroacousuque
«vorr planche 11

Ces comportements complexas compliquent certes les
calculs. mais. 1ls sont tres famvorables pour e




comportement acroacoustique des tuiles. cn créant des
dissipations d'énergic importantes ot des cveles lunites
qut redutsent les amplitudes des vibrations

PANOPLIE DES OUTILS D'ANALYSE ET DE
VERIFICATION DISPONIBLE

3.

1. OUTILS DE CALCUL

La basc dec la panoplic d'outils dc calcul utilisable
aujourd’hui  pour l'acroacoustique est globalement
celle de P'acroélasticite ; on en trouvera les détals
dans les références 2. 3 ct 4 ; les grandes lignes sont
les suivantes

Modéhsation de l'acrodvnamuque instationnaire
dans lc domaine fréquence, a partir des ¢quations
de potenticl résolucs par méthode de singulante.
sources ct doublets (vorr références 5 ¢t 6)

Duns cette approche ics zones d'écoulement turbu-
lent sont représentées par une certaine densite de
source répartic dans le fluide.

On obuent ¢n sortic les opératcurs de transfent

complexes reliant les pressions de paroi aux va-

riations d'incidence de ces parois ¢t {intensité

des sources turbulentes, sot

1 P= [’I':[.-l((u,l')](1+»l-I’l':[ﬁ(w.!'ﬂ
2

o —

s tur

La dificulté est que nous t'avons awjourd'hun
aucun moven d'appréhender le 2éme terme de
cette équation, ne sachant en prauque caleuler ni
la position m Yintensité des sources turbulentes

On contourne ¢c probléme en constatant que ¢¢
d unc paroi nigade par les sources turbulen-
tcs . on doit murs obtemur ces pressions expene.
mentalement, 1'équation 1 devient alors

P 11’1'-‘[.-1(w,l')]u+ Pr

Ce tvpe de modéle se prolonge naturetfement a
Mach = 0 ¢t V = 0 en un modele acoustique
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Les maillages surfaciques de ces modeles acrody-
namiques  comportent de quelques centaings a
quelques millicrs de facette. ce qui est le rang de
la matrice de cocfficients d'influcnce complexe a
construire ¢t inverser pour chaque fréquence de
calcul

Quand on ne s'intéresse qu'd I'aéroacoustique exte-
ricur (pas de réverberatton d'onde acoustique) les
opcrateurs calculés sont relativement continus ¢n
fonction de la fréquence. Ce qui autorise i ne fre
lc calcul complet que pour un nombre hmite de
fréquences (quelques dizaines au plus). entre les-
quels les résultats sont interpolds.

Il en résultc un calcul relativement peu coltenx
aujourd'hun.

Le défaut évident de la méthode est de ne pas cal-
culer les sources turbulentes. Cect necessierat.
dans l'absolu. la résolution de I'éguation de Navier
Stokes nsiationniire au nombre de Reynolds du
vol des avions. Ce probleme. cible dz In
“Computer Fluid Dynamic” (C.F.D.) est asses lomn
d'étre résolu industricllement. En attendant. cer-
tains proposcnt des techmiques ntermédiarres
basées sur des modcéles senu-cmpiriques de distn-
bution de source turbulente cahbres sur des essats
(voir référence 7)

Maodchsation structurale

Elle ecst géndralement obienue par  techmgue
d'Eléments Finis. Le plus souvent. et hinéarre on
utilise comme degré de liberte s modes pro-
pres structuraux. On calcule amst les termey de
I'¢quation de la dynanuque structurale

3 (M +{Cle [ K] =[1]0

Cela a l'exception des termes de la matnee d'amor-
tissement structurale  dont on ne connait geéne-
ralement pas tes bases physiques qui permettraent
de les calculer Les amortissements structurauy
sont donc soit derivés d'essats, sont néghpds (st la
dissipation d'énergic par ravonnement acoustique
ou par amortissement acro¢lastique est jugee pre-
ponderante)

Modehsation acoustique interng

La méthode de singulante utihsee pour acous-
tique externe seratt uthisable svee la ditticulte que
l'existence de mode aconstiue de comte eree des
pics aux fonctions de transfert aconstique mterne,
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. ¢¢ qui necessite donc de trés nombreux points de

calcul en fréquence (quelques centarnes a quclques

] mullicrs) contraiicment au cas dec l'acoustique
externe On préfére utiliser une modchisation des

% cavités internes par Elément Fini tridimensionncl

H adaptée a I'équation d'Helmoltz (voir planche 7).

: associce A une reduction modale “acoustique” (voir
référence 8).

o Couplage des modeles

Les équations couplées entre les 3 types de modéle
sont établics cn considérant la compatibilité des
déplacements, I'équitibre des forces et la conscr-
vation des travaux virtuels & leurs interfaces | la
difficulté principale vient dc la non coincidence
géométrique a fa froatiére des maillages de chaque
modéle & coupler (adapté priontairement aux
specificités de sa discipline), nous en détaillons 12
techmque dans les références 3 et 4

1 en résulte le systeme d'equation couplé formulé
dans le domaine fréquence de ia forme

4w M [ C)+{K]- 2 P Ao = [F1Pe

ou
4+ Dt e =[T]Pr
La matrice |D (@.V)] est l'opérateur classique de
I'analyse du Flutter (sa singularit¢ correspond i la
vitesse de Flutter)
Les modeles de chaque discipline fournissent les
opérateurs permcttant de passer des degrés de
hiberté  aux paramétres  qu'on  veul  Suvre

(accélérations, déformations, contraintes, cfforts
irterngs, pression dans les fludes. ete.. ) sont

8= [l‘]x

On déduit la fonction de transfert entre les pres-
sions de la turbulence svr paroi ngide ¢t les
parametrcs suivis |, soit

s=[1Mw1)] [1]Pr

ou

i r,,

x:[H(a)‘V]Pr

On en deduit fes spectres de puissance des para-

met s suivis en fonction des spectres ¢t_inter-
.

spectres des composantes du vecteur  soit

S(s.8) =TS [ I S(Pr.Pr)

moom oa moon

de la on passc au nombre moyen de dépasscments
d'un niveau donné de ces parameétres suivis par la
formule de Rice (voir référence 9) soit ;

N(a)= N(ov)e at JURMS 5w
avee
N(o)= %K\m(‘-) /RMS (5)

ce qui permet d'effectucr les predictions statisti-
ques de durée de vic aussi bien vis-d-vis de la
résistance statique que de la fatigue (a partir des
abaques expérimentales de résistance ¢n fatigue
cyclique ot en admettant la régle de cumul de
dommage de Mincr)

Pour prendre en compte les non-linéarités structurales
(telles qu'on les rencontre sur les tuiles HERMES) on
dispose de¢ 2 techmiques -

¢ La linéarisation du mod¢le autour de I'équilibre
statique calculé cn non-linéaire (voir référence 10)
¢t Puulisation dans I'équation de la dynamique
structurale 3 de la matrice de ngidit¢ "tangente” A
I'équilibre

o Lc calcul structural dynamique non-lincairc
(grands déplacements, plasticit¢ ct rheologic non
lindaire, contact) par intégration dirccte dans lo
domaine temps.

Pour cc calcul non linéarre couplé la difficulte est de
disposer d'un modéle aérodynamique dans le domaine
temps. Pour cela nous utilisons géncéralement une
procédure simple, homogeéne a la rusticité globale du
modéle aérodynamique, ol l'opérateur de couplage
aérodynamique est idenufic par hissage dans lo
domaine fréquence avee des cftets de  raideur,
amortissement ot de masse  aqjoutées . aprés

* qu'il faut donc obtemir par mesure

-



transposttion dans le repere des degrés de fiberté E F .
ces termes de couplage adrodynamiques sont ajoutcs
aux termes correspondants de I'équation différenticlle
du mouvement en non-linéaire.

Le champ de pression d'excitation dans le domaipz
temps cst soit derivé dircctement des mesurcs brutes
en soufflerte en fonction du temps. soit "reconstitué” i
partir des matrices de spectres de pression (ccc
permet des prolongements statistiques pour obtenir les
cas limtes).

Avec foutil ELFINI dont dispose DASSAULT
AVIATION les procédures de caleuls hincaires ¢t
lin¢ansés évoquées ici sont aujourd’hui peu couteuscs
en temps de caleul | 1l n'en va pas de méme pour lo
non-lindairc  “complet”. surtout si les  modcles
structuraux sont importants et st on veut accéder aux
caracténstiques  statistiques  de  la  réponsc  non-
linéairc. (Nécessité de disposer d'échantillons de
réponse dans le temps longs ou nombreux). Cect nous
a aniené pour les tuiles HERMES 4 réserver cette ana-
lvsc non linéatre compléte a la compréhension quali-
tative des phénomeénes ct a la rcconnaissance des
linutes de validités des approches lincaires ct linca-
risés

3.2, MOYENS EXPERIMENTAUX

Nous avons mis ¢n ocuvre ou cnvisagé lcs types
d'essais survants pour les tutles HERMES.

3.2.1. Essais en soufflerie sur maquette rigide

115 ont été cffectués principalement dans les souffle-
rics HST ¢t SST du NLR entre Mach 0,7 et Mach 3
sur des maquettes au 1/30¢me ¢t 1/40¢me instrumen-
tces d'une quarantainc dc captcurs de pression insta-
uonnaire

1ls ont vis¢ a établir

¢ Une comprehension des phénoménes acrodyna-
miques (positions ¢t mouvement des chocs. décol-
fements turbulents, etc  par visualisation striosco-
pique, voir planche 6).

¢ La mesure des spectres ¢t de quelques interspec-
tres aux points cstimés les plus criiques, qu ont
servi de base a I'établissement des charges acro-
acoustiques

Les questions qu'on se pose pour exploiter les résultats
de ces essas sont

« Sont-ils extrapolables & I'échelle | du fait de la
non-simtlitude de Reynolds.

« Sait-on a priori implanter aux points les plus perti-
nents Ics capteurs dont on dispose (du fait de lcur
cncombrement ct de leur nombre limitc).

3.2.2. Essais en souffleric avec éléments structu-
raux réels cn paroi (tuile réclle ou maquette
d'é¢tude dynamique a échelle 1)

Ils sout été effectucs en plagant les éiéments a tester
en paroi de fa soufflerie HST du NLR (Mach 0.8 i
Mach [.2). voir planche 7

Un déficcteur amovible crée un sitlage turbulent cn
amont de la tuile. L'épaisscur de couche Limite cst
particllement réglable.

Ce type d'essais avait 2 buts :

s Vénfier lc comportement au Flutter des tuiles ot
valider les modéles de calcul (déflecteur cnleve).

s Vénfier e comportement acroacoust:que. On s'est
heurté 1a a la difficulté d'estimer la représentativité
vis-3-vis du vol de I'écoulement extrémement
complexc créé par le déflecteur.

3.2.3. Essais acoustiques en tube & ondes progres-
sives (T.O.P.) (effectués dans linstallation
de I'lABG, voir planche 8)

lls ont I'avantage d'étre beaucoup moins cotiteux que
les précédents mais ils présentent un probléme inhe-
rent de representativite

Lc couplage aéroclastique est remplacé par un cou-
plage acoustique pur avec la cavité du T.O.P et les
longucurs de corrélation des pressions sont beaucoup
plus mportantes qu'en vol. Los comportements des
tuiles en T.O.P. sont différents de ccux observés en
paroi de soufflenie (vour planche 91, ce type de
constatation a aussi  ¢ét¢ fmt  avec  l'opération
ACOUFAT de la CEE | (vorr référence 7)

On peat cependant arriver dans cc type d'essms
régler l'excitation pour obtcrur approxtmativerment un
spectre de réponse donne (accélération, cffort ou con-
trainte interne) ¢n un pownt choisi (le plus critique en
principe).
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3.2.4. Essais sur table vibrante

Ils sont encore moins couteux que les précédents, et
comme cux 1is ne peuvent €tre représentati{s que si on
regle lc montage ct l'excitation pour obtemr unc
réponsc interne ponctuclle jusufice par ailleurs.

3.2.5. Essais particls élémentaires sur vibreurs ou
machines de fatigue "statigues”

On les utilise pour vénfier la résistance des différents
détails  structuraux  critiques  (exemple  attaches,
depliement local des bordures du panncau, ctc...). ccla
a partir de spectres de charges locales estimés par
ailleurs.

3.2.6. Essais en vol

Les mesures en vol sont les movens les plus fiables
pour apprecier les cffets des phénoménes aéroacous-
uques sur les structures ou sur les équipemcnts
(mesures par jauges de contrainte ou accelérometres),
cela a condition d'avoir su placer les capteurs aux
cndroits pertinents (ce qu'on sait faire sur les avions
classiques quand on a découvert des fissures de fati-
guc acroacoustique).

Pour HERMES cette approchc a I'inconvénient de ne
fournir des informations quaprés le premier vol, ce
qui lmssc ouvert le probleme de la qualilication pour
c¢ premucr vol

STRATEGIE D'ANALYSE ET DFE DEMONS-
TRATION, EXEMPLES

On doit viscr successivement 2 objectifs

e Supporter les choix de conception du véhicule
donner unc méthode de dimensionnement mitiale

+ Permettre la démonstration de qualification de la
solution choisie

Compte tenu des fimites de la préctsion ot de la repre-
sentanvite des moyvens de calewl et d'essans dispo-
mibles. nous sommes conduits & gérer au migux un
compromms entre

e dos surspéaifications, done un surdunensionne-
ment, plus ou moms importants

o Lo complexne, done des surcoiits. des procedures
de caleul et dlessas

e e e

Nous avons proposgs fes 3 phases suivantes

A. Phasc preparatoire

Elle doit sc dérouler normalement pendant la
phase de conception initiale du véhucule, voire ta
précéder : scs objectifs sont

¢ Larcconnaissance des phénoménes

e La misc au point des méthodes de calcul ¢t
de leur régle d'emploi.

¢ La misc au point des méthodes d'cssais.

¢ Ladémonstrition de faisabilité du concept de
tuile choisi vis-a-vis de I'aéroacoustique, les
mveaux d'excitation acroacoustique suppor-
lables (taux d'échange entre les niveaux
d'excitations ct la masse des tules).

» La détermination de fa stratégic & appliquer
pour les phascs suivantes (dimensionnement
ct qualification).

Les caleuls ¢t les essais sont cffcctuds sur des
dessins géncriques de structures, permettant des
études paramétriques

Farmu les tavaux réalisés dans cette phase sur
les tules HERMES citons

o Lwdentitication des charges adroacoustiques
sur maguette nigide (¢f § 32 1) on en ure
ausst les regles pour adapter 'tmplantation
des capteurs en fonction des phénomenes
decouvents ot pour permettre la mesure des
corrclations spattales des champs de pres-
ston

U faut vénfier que la différence de nombre de
Reynolds avec le vol ninflue pas trop sur la
position des chocs ¢t des décollements
- Par essats (en faisant vaner la pression
dynunique dans la soufflerie)
far caleul (type Euler stationnmre »
couhe hnmte)

¢ Essis de s en paron de soutllerie tuns-
somqu: (¢f'§ 32 2), caleuts correspondants
lmemrss,  hndanses et non  hineatres
whryin

On prosente sur Ja planche 11 une synthese
de conparmsons relativement satistasante

e



entre cssais ¢t calcul pour I'analyse du
Flutter.

On a cssavé des tuiles volontairement amin-
cies pour rencontrer I'instabilité de Flutter :
du fait de 1a non-lincarité dc membranc, clle
s¢ traduit par des cycles limites . on remar-
que aussi qu'clle est trés sensible a la surpres-
sion statique (la reéférence 11 présente ces
cxpcériences plus cn détail).

Les essais et les calculs de la méme configu-
ration avee unc turbulence aéroacoustique
créée par un déflecteur  somt  priscnids
planche 9.

L'écoulement ac¢rodynamique réalisé cst trcs
complexe, on arrive cependant a recouper
passablement par calcul les réponscs structu-
rales mgesurées, cn partant des pressions
mesurées sur un élément de paroi rigide

Essais ¢n tube a ondes progressives e calculs
correspondants.

On présente des mesures  de  reponscs
planche 9. On constate que la réponse de la
méme tuile differe scasiblement entre e
TOP. ct la souffleric pour des puissances
d'excitation sumilawre dans les octaves sen-
sibles.

Ceci est expliqué surtout par la différence de
forinc spatiale des champs de pression . dans
te T.OR. ils sont pratiquement cu phasc sur
toute la surface dune tuile et les modes
“antisymétnques” ne sont pas excités  (Lors
des essais en soufflerte avee turbulence ces
modes anti-syinétniques  ctaient  fortement
exciles, créant notanument des dommages de
fatrgue sur les attaches de wules dans certains
cus)

Ces cssas et caleuls adroacoustnues com-
plets ont ¢te précedés danalyse et d'essins
plus simples servant a vahder les modeles
clastiques et dynangues des tules et @ e
mner Finfluence de tous lears parametres de
conception (exemples  courbure du panneau,
mature do bloe d'isolant, permeabilite du sys-
weme  dieanchdéitd, ), cions pane el
ctdes

3.7

e la ponsc sous chargement statique
(fleche, déformation, fréquence.
of planche 4)

e lcs mesures des fréquences ot des formes
modales (a servi en particulicr a déter-
mincr les amortisscments structuraux)

Quand le projet HERMES a ¢t¢ abandonné nous
avions globalement atteint la fin de cette phasc prépa-
ratoire pour I'analysc aéroacoustique des tuiles.

L'orgamisation proposéc pour les &tapes suivantes
résulte de l'expérience acquise

B.

Support de la conception du dimensionnement et
de la_qualification_avant les premicrs vol
bitcs”

_inha-

On propose 'orgamsation des travaux schémati-
sce planche 12 ¢ clle est fondée sur les principes
suivants

Etablissement des charges aéroacoustiques de
dimensionnement

Mesure en souffleric des pressions acro-
acoustiques sur maguette ngide a cchelle
réduite, a la forme "finale” ; venfication
de 'influence du nombre de Revnolds par
essats et par calcul de couche limite

~ [Interprétation des mesures pour obterr
des spéaifications de “charges  limites”
acroacoustiques sur toutes les zones du
vehucule. Elles sont déhimes sous forme
de combinatsons de spectres (et d'nters-
pectres, voir § 5) de fluctuation de pres-
sions, de surpressions statiques locales., ¢t
de cis de charges "penéraux® deformant
la sons-structure
On doit démontrer (par caleudy que ces
cas de charges, base du dunensionng-
ment. enveloppent de fagon rusonnable-
ment conservative Ia realie
St les speatications adroaconstigques se
revelent trop penalisantes 1l taut ctudier
des moditicanons des formes penctiles du
vehicule

Dunenstonnement d'ensemble des taies et de
L structure adpieente

* Dermee seenanio de i logque de deseloppement du
projet Hermes




1l parait souhaitable que le dimensionnement
corresponde a des spécifications vénfiables
¢n essats au sol, cc qui conduit aux travaux
suivants

— Définition d'éprouvettes et de procedures
d'essais de qualification au sol.
Cc sont, pour plusicurs zones de l'avion
des caissons représentatifs de la sous-
structure revétus par des tuiles qui subi-
ront simultanément ou successivement un
cnsemble de sollicitations mécaniques ct
thermiques. L'environnement aéroacous-
tique devrait étre justifié i par des cssais
sur table vibrante et/ou en TO.P
On doit rechercher, en se basant sur les
calculs, des conditions d'essats majorant
au plus juste les conditions de vol
Le dimensionnement des tuiles ¢t de la
structure  adjacente correspondra @ ces
condittons conscrvatives dus essais au sol.

o Dimensionnement des composants des twlcs

Pour himiter les risques de découvertes tar-
dives de difficulté lors des essats d'ensem-
bles, on propose une approche similaire & ta
précédente

— Deéfimtion de condittions d'essats clémen-
tasres {essais de fatigue quast statique, pot
vibrant, T.O.P.) pour les composints dus
tules (panncau, isolant, joints, attaches,
ele. ). qut deviennent des spéafications
de dunenstonnement

Ces conditions d'essins élémentatres sont éta-
blies par calculs comparatifs avec celles des
essas d'ensemble

Le retour des essais elémentasres permet des
wératons de dimensionnement , ey essins
d'ensemble sont plutdt prévus pour ne part-
ciper quia la quahtication pour les prenners
vols (nhabites) et a La démonstration de valts
dite a posterion des modéles de calvul avan
servi a les défine

wahification tinale poyr les voly habuds, denvge
dos gssais gn vol

Cet approche relativement complene de guabii-
caton par imbnication de caleul et dlessans
sautovabidant sur plusieurs nivemin comporte
des rsques de defullance quon peut ne juser
dacceptable que pour un vol inhabite

e —.

Pour qualifier finalement le véhicule pour les
vols habités il parait hautement souhaitable de
valider la conservativité de I'ensemole de la pro-
cedure de dimensionnement, ct surtout celle du
modcle de charges acroacoustiques, par recou-
pement avee les mesures effectuces pendant les
premiers vols automatiques.

L'¢tude de l'implantation de Vinstailation d'essats
pertinente  {accélérométres, jauges de  con-
traintes, capteur de pression....) cst un probléme
difficile qui doit étre supporté par des techniques
de calcul inverse.

RECHERCHES ET DEVELOPPEMENTS A
MENER

Au-detd de l'achévement de la misc au point de la
procédurs d'analyse adroacoustique présentce. 1l est
souhaitable de mener un certain nombre de recherches
ct de développements pour en compenser les lacunes,
citons entre autre

e [ perfectionnement de Panalyse des charges

A long terme 1l pourrant résulter de la resolution
de l'duanion de Navier Stekes nstanonnaire (i
cotit admussible). A plus court terme, on souhante-
rt étabhissement d'une bangue de donnde de
modeles empiriques de distribution de source tur-
bulente ¢n aval de defaats de forme typiques, ces
modeles semi-analytiques serment calibres sur les
essats en soufflente par calcul inverse

Ces modeles fourmraent directement la distribus
ton spautale et Uimtensité des sources turbulentes,
ce qui eviterant les mesures complexes et ¢ mame-
ment tres delicat des champs de pression a la
parot

Ces procedures de caleul mverse, permattant de
fINONLEr AuX charges aeroacoustiques, a pariie des
mesures de reponses stiucturales, sont aussy A
mettre au pownt pour explotter les mesures e vol
teomme nous e fmsons pour les charges quast-sta-
e, vour reférence 12)

o L recherche de procedes pour greer en souftlene
des exailations representatives des charges aero-
acoustiques reelles, dans le cay des sy dele-
ments structuraus 4 echelie |

o Lo perfectionnement des  modeles steacturans il
est et particubicr adhpensable sioon sileresse o




la propagation des vibrations dans l'enscius!~ du
vehicule | on trouvera 1 toutes les difficultés dos
modclisations structurales dans la gamme des
maovennes fréquences (voir réference 4) . un des
problemes majeurs ¢st ia comprchension exacle
puis la modclisation des phénomeénes de dissipa-
ton de l'énergic quon cache derriere lc mot
"Matrice d'Amorussement Structural”

CONCLUSIONS

Le debut d'expérience qu'on a acquis avec les ctudes
acroacoustiques HERMES montre

* quon ne dispose aujourd’hmn d'aucun moven de
calcul ou d'essais permettant, 3 fut seul, de justifier
la résistance structurale aux ctfets acroacoustiques
avant les cssais en vol

* que centaines a proches classiques comme la qua-
Wfication exclusivement par essais en chambre
reverberant: ou en TO P sont llusorres, du tant
de labsence d'un couplage adrodlastique correcte
¢t surtout & cause d'une représentation erronce des
champs de pression acroacoustiques

s yuunc procedure de dimensionnement et de quali-
ficatwn rauonnelle est cependant possible aveg les
moyens actuels, en enchainant, comme on Fa
montre les essis ¢t les caleuls et en acceptant
deventuzls surdimensionnenents focaux dus aun
nuarges prises pour garantie la consenatinv e de la
procedure

s que les movens danalvse et Pexpenence actuelle
permettent d'evaluer les nsques des le debat du
projet, a condition de disposer Jde mosures des
charges acroacoustiques par essas ¢n soulflene
En cas de difficultes it ost alors possible de trauter
fe problems a sa source en “travallamt” les formes
acrody mamiques de avion

Nous constalons que oo vonclusions rejognent velies
de Voperation ACOUFAT menees pat la C B E (vou
refRree ), on ) vout en particulicr ley grosses diffe.
renees de comportement d'une méme structure plaver
sucvenancment en paror de soufllene o en TOP
ey des spoctics dievatation acosshigue en phspe
eyun alents
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Planche 3
Présentation des tuiles
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Planche 4

Comportement non linéaire des tuiles

Effet de membrane, influence de la pression statique
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Planche 5
Calcul des effets non linéaire dynamique
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Facteur de surtension
(au centre de la tuile)

Planche 6
Visualisation strioscopique du Mach 0,9

Visualisation strioscopique en supe:sonique




Planche 7
Installation d'une tuile en paroi de la soufflerie HST du NLR

(Derriére un déflecteur)

Planche 8
Tube a ondes progressives de 'TABG
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Planche 9
Comparaison des movens d'essais
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Influence de 'étancheité

y B

WOLBER (ATl L ot

Choeti I eI R b e

i Wl et ST L

T

LattoREL e bl




3-16

!

l W "y vy m’ pes
H m
P

- w!
| +

Planche 11

Analyse du Flutter (Tuile dural & = 0,7 mm)

Analyses linéaire classique (domaine fréquence)

gz l Mach = 1,2

Mach = 0,8

Réponse domaine temps

et ae g "

i

308 me! N '
" ms | M m!

30wy
1

!
AN e
WT, % \V Vk

g

4
1
|
' ]
al
!
| Mach 1,2: linear structure
Critical speed: 275 m/s

STATIE (020 ted)
S A WY

5 w

Calculs "linéarisés"
(Influence de la
pression statique)

/

Mach 1,2: non-linear structure

Comparaison calcul-essais

N 19 12he
rms e 0y
tms o tip
roran
M1 J
an urs ———"_ Conf B
teT8m
me e 20,
Mew 43
RIS b Conf. C
" v [EXTEY
(LI EE I
e
[T
Me 1
on Wxey p. - Conf E
) l M
) N e

Spectres de
réponses mesurés

Réponse calculée
(domaine temps)

|
A e e A L WSM
\/ ' T - .UUW%, |\m ,,\(’A‘
. rﬂ -liJ




317

Planche 12
Organisation_pour le dimensionnement et la qualification

(pour les premiers vols)

Mesures des charges

en soufflerie
]
Spécifications des

charges aérocoustiques
]

Conception génerale du
svsteme de Tuile + sous structure
(Sapport calcul)
b ]

Définition d'essais d'ensembles
de Tuile + sous structure adjacente
(Support calcul)
b

Spécifications des
composants des Tuiles

(Définition de conditions d'essais
d'acceptation par calcui)

Conception détailiée €
des Tuiles 2>

qualification avant
le ler vol.

.

Justification des modeles
A
Justification de la résistance
des éléments structuraux
A

Essais d'ensembles
de Tuiles + sous structure
adjacente

Essais partiels
de composants
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WEAPONS BAY ACOUSTIC ENVIRONMENT

L. L. Shaw
R. M. Shimovetz
Structural Dynamics Branch
WL/FIBG BLDG 24C
2145 FIFTH ST STE 2
WRIGHT PATTERSON AFB, OH 45433-7006

1. SUMARY

An aircraft weapons bay exposed to
freestream flow experiences an intense
aercacoustic environment in and around
the bay. Experience has taught that
the

intensity of this environment can be
severe enocugh to result in damage to a
store, its internal equipment, or the
structure of the weapons bay itself.
To ensure that stores and sensitive
internal equipment can withstand this
hazardous environment and successfully
complete the mission, they must be
qualified to the most severe sound
pressure levels anticipated for the
mission. If the qualification test
levels are too high, the store and its
internal equipment will be
overdesigned, resulting in unnecessary
costs and possible performance
penalties. If the qualification levels
are below those experienced in flight,
the store or its internal equipment may
catastrophically fall during
performance of the mission. Thus, it
is desirable that the expected levels
in weapons bays be accurately
predicted.

A large number of research efforts have
been directed toward understanding
flow-induced cavity oscillations.
However, the phenomena are still not
adequately understood to allow one to
predict the fluctuating pressure levels
for varlous configurations and flow
conditions. This is especilally true at
supersonic flow speeds, where only a
small amount of data are available.
This paper will give a background of
flow induced cavity oscillatfions and
discuss predictions, control and
suppression, and the future of weapons
bay acoustic environments.

2. BACKGROUND

The study of flow induced cavity
acoustic environments which relate to
alrcraft weapon bays date back tc the
mid 1950s when  Roshko (1) and
Krishnamurty (2) conducted research in

this area. Roshko varied the cavity
dimensions systematically while
abtaining the time averaged effects in
the cavity. He measured the pressure

on the walls and f£loor. A single
vortex was seen to exist for the
shallow case. for very shallow

configurations he noted that the shear
layer reattached to the cavity floor.
This observation has been repeated many
times in more recent studies of very
shallow cavities. As missiles became
longer and smaller diameter, the need
for shallower weapon bays arose.
Roshko noted that the impingement of
the shear layer on the downstream wall
of the cavity was the cause of
increased drag which occur with open
cavities. Karamcheti, conducting hias
research at about the same time as’
Roshko, studied rectangular cavities
exposed to free stream Mach number
flows of 0.25 to 1.5. He actually
obtained sound pressure levels fromhis
tests with levels as high as 160 dB
being observed. An important
observation made by Karamchet !l was that
there 1is a minimum cavity length a2
which the shear layer will span the
opening and not impinge on the
downstream wall of the cavity, thus not
resulting in acoustic resonance. This
is the physical basis of control of the
high acoustic environment in cavitles.
If the shear layer can be made %o span
the cavity, or reattach at a stable
stagnation poinz, no feedback procesas
i3 established and hence no resonance.

One of the most referenced historical
works in the (flow induced cavity
acoustic area is that of Rossiter (3).
He made measurements of the time
average and unsteady pressures on the
"roof” (or floor) and behind a series
of rectangular cavies set in the roof
of a 2 foo% by 1.5 foot transonic wind
tunnel. Data for cavities with
length-%o-depth ratios from 1 to 10
were presented for Mach numbers from
0.4 to 1.2. His major conclusions were
shallow cavities (L/D>4) produce mainly
broadband acoustic spectra and deeper
cavities (L/D<4) produce a periodic
tone. The perlodic tone was attribiuted
to acoustic resonance in the cavity and
excited by a phenomenon similar to that
causing edge tones. The amplitude of
the periocdic tone caa be as larger as
0.235 times the £free stream dynamic
pressure. He also investigated methods
to suppress the periodic fluctuations
and concluded <that they may be
suppressed by placing a small spciler
ahead of <the cavity. The only
explanaticn given as %o why a spoiler
is effective is that it thickens the
boundary layer. He is most referenced

Presented at a Symposium on ‘Impact of Acoustic Loads on Aircraft Structures” held in Lillehammer, Norwav, May 1994.
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because of his equation to predict the
possible resonant frequencies in an
open cavity. Even today it |is
referenced often as the “Rossiter
Equation” and gives a very good
prediction of the resonant frequencies
in a cavity, if the correct phase and
convection terms are wused. The
equation will be presentsd later in the
paper.

Plumbee et al (4) conduc.ted thecretical
and experimental investigations of the
flow induced cavity acoustic problem.
A detailed analytical prediction method
was developed based on the radiation
impedance of the cavity opening. A
table of radiation resistance «nd
reactance was provided to utilize the
method. It 1is an iterative approach

‘and does not readily converge. The

method has not been referenced In
subsequent publications mainly due to
the difficulty in use of it. They also
conducted extens'.ve experimental tests
on cavities obtaining wind tunnel data
for Mach numbers from 0.2 to 5.0. The
major conclusions were that the
acoustic levels were higher in the rear
of the cavity, width has little effect
on acoustic levels, and there exist an
onset Mach number below which the
cavity tones are not excited. Smith
and Shaw (5) formulated an empirical
acoustic predictions method which was
based on an extensive flight test data
base. The method predicts the
frequency and amplitudes of the first
three acoustic modes in the cavity as
well as the broadband spectrum level.
The predictinn method also gives the
spatial distribution of the modal
eneigy. It ls easy 2o use and glves a
good first order prediction of the fliow
induced levels.

Heller and Bliss (6) contributed a
better understanding of the cavity
oscillation phenoneon through thelr
water table visualization test. The
moving pressure waves in the cavity
were clearly visible in the experiment.
A videc of the results was made.
Analytical work as well as experimental
tests were conducted., Small and large
scale wind tunnel test were performed
for cavities with L/D ratios between
2.3 and 5.1 for a Mach number range of
.2 to 2.u. The analytical work
yielded a theory that predicted only
the lowest pressure-mode shape and
failed to predict the higher modes.
This 1inadequacy was believed to be
caused by the omission of the effect of
shear layer thlckness in the analytical
model. The wind tunnel test results
yielded mode shapes, temperature data,
consecutive cavity effects and
suppression effectiveness. Cavity
internal pressure-mode shapes were
determined for the first three modes
and for the range of 2.3 < L/D <5.1.

In all cases, definite amplitude minima
were observed; however, they were

qualitatively displaced in the upstream..

direction. In all cases, a pressure
maximum appeared at the leading-edge
bulkhead indicating that this surface
acts as a "hard-reflecting wall.” In
contrast, pressure amplitude maxima
were observed a small distance upstream
of the tralling-edge bulkhead; this
indicates that acoustically the
trailing edge is undefined because of
the violent flow patterns. In this
study, mode shapes were obtained that
differ from those observed in Alr Force
flight tests, however, in the latter
experiment, mode shapes were determined
on the cavity floor, while in the
former experiments, mode shapes were
determined within the cavity volume.

Thus, dependence of mode shape on the '

vertical position in the cavity seems

to exist; this issue needs
clarification.
Experiments on consecutlive

geometrically identical cavities reveal
that they are strongly coupled and
resonate in phase. The Mach number
dependence of mode levels for
consecutive cavities was found to
differ from that of single cavities.
However, this may be because of the
differing length-to-width ratlo of the
single and the double cavity system.
While resonant frequencies  are
essentially determined by the cavity
length, mode lavels seem to be affected
by the relative cavity width. This

problem has not been studied and

requires further research.

0f the varicus ways to affect the
oscillation process, Iintroduction of
vorticity into the shear layer and the
provision of a slanted tralling-edge
bulkhead were found to have a
stabllizing effect on the external free
shear layer. Oscillation amplitudes
can be minimized solely by a slanted
tralling-edge, over a Mach number range
of at least 0.8 to 2.0, for cavities
with length-~to depth ratios above 4.
Cav!ties with a lsngth-to~depth ratio
below 4 require the addition of
upstream vortex generators (spoliers),
which further reduce resonant
ampiitudes.

Shaw and Smith (7) presented results of
a full scale £flight test of an
instrumented store in a weapons bay.
The aircraft was an F-111 and the store
was a» BDU-6/B instrumented with 21
microphones. Data were recorded for
alzitudes of 3,000, 10,000, and 20,000
feet and Mach numbers from 0.75 to 1.3.
The results showed that the acocustic
levels on the store scale with free

-stream dynamic pressure. The levels on

the store increased toward the rear.

13

e ey
.8




R

There are significant circumferential
variations in the acoustic levels at
different longitudinal locations.

Shaw (8) presented results from a
flight test for suppression of the
cavity internal acoustic levels.
Numerous leading edge and trailing edge
suppression devices were £1ight tested.
Excellent suppression results were
ocbtained for simple leading edge
apollers and rear bulkhead ramps.
Nearly 30 dB suppression was obtained
for the best configuration. The list
of references of work related to open
cavities is very long. Only a small
percent of even the major efforts are
referenced in this paper. As an
example of the large number of reports
presenting results related to aircraft
cavity flow, in 1982 Betry and Rohrer
(9) compiled a survey containing 144
references on this subject. Since then
at least another $0-100 have been
published. Thus only high relevancy
efforts are referenced herein.

Two additional survey papers should be
mentioned because of their broad
nature. Komerath et al (10) in 1987
presented a survey on the prediction
and measurment of flow over cavities.
Their paper addressed all aspects of
the flow induced cavity environment
problems. Then in 1992 Chokani (11)
also published a survey paper on flow
induced oscillation in cavities. It is
not as in depth as Xomerath but it has
merit since it included a discussion on
computational predictions and turbulent
modeling.

3. CAVITY DEFINITION

An aircraft weapons bay with its doors
open constitutes an open cavity. Since
most bombs or missiles are long and
slender, most weapon bays are long and
shallow relative to their length. The
main parameter used to characterize a
cavity is 1its length-to~dept (L/D)
ratio. When the L/D ratic is greater
than 1 it is considered deep. The
Justification for this classification
is that when L/D>1 the response in the
cavity is longitudinal, in the
direction of free stream flow, and
when L/D <1 the response is in the
depthwise direction.

Another fairly recent description of
cavities is that of being open or
closed. This dces not refer to a
cavity with or without an opening but
how much the shear layer 1s deflected
into the cavity. When the shear layer
spans the cavity opening the cavity is
conslidered open, but when the cavity is
long enough or shallow enough for the
shear layer to reattach to the cavity
flocor, the cavity is referred to as

43

being closed. For those in between the
two, it is called transitional. Figure
1 shows the three types of cavitles.

Plentovich et al (11) defines the three
regions in terms of L/D ratio as being
open for L/D< 6-8, transitional for

L/D=7-14, and closed for L/D>9-15. The.

falrly wide bands are necessary because
the shear layer deflection 1is -very
sensitive o Mach numbers. ’

The flow of a fluid over a cavity has
been divided into three basic types by
Rockwell and Naudascher (12). The .
three types are £luid dynamic,
fluid-resonant, and fluid elastic and
are illustrated in Figure 2. Baslcally
the fluid dynamic case does not contain
acoustic standing waves in the cavity
while the fluid-resonant case does and
they tend to control the shear layer.
The fluid-elastic case simply is flow
over a cavity with at least one of the
walls elastic. For practical cases
such as an alrcraft weapons bay it is

very difficult to select any one case

to represent the actual phenomenon
since features of all three are usually
present. S

4. DESCRIPTION OF Pl!laﬂlloﬁ

The flow induced weapons bay acoustic
phenomenon has been described by many
authors such as in Reference 2, 3, 5,
6, 12. In some references vortices are
observed to be shed at the leading edge
of the cavity and others no vortices
are obazerved even though strong
acoustic tones are generated in the
cavity. Whether or not vortices are
formed (s not as Iimportant as the
interaction of the shear layer at the
downstream wall. This is where the
source of the acoustic energy is
located. The basic phenomenon is shown
is Figure 3. As the shear layer
separates at the leading edge,
instablilies are inherent and tend to
grow as they travel down stream. At
any longitudinal Ilocation the shear
layer appears to be moving 4in a
trarnsverse direction, thus at the
trailing edge it 13 moving in and out
of the cavity periodically impinging on
the rear wall. When it is impinging on
the rear wall mass is added to the
cavity and then as the shear layers
move out of the cavity mass |is

ithdrawn from the cavity through
entrainment. Also during the
impingement process a high amplitude
pressure wave Iis generated which
travels forward until 1t reaches the
front wall. At that point it reflects
and starts to travel towards the rear
wall but also imparts energy into the
shear layer. As seen in the figure
there are fore and aft travelling waves
which establish a standing acoustic
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which establish a standing acoustic
mode. Several orders of standing modes
have been measured is cavities as shown
by sShaw (8). As the process of
trailing edge impingement and forward
traveling waves continues, a feedback
cycle is established. When the cycle
time for the acoustic wave and the
convective cycle of the shear layer
coincide, a strong resonance occurs in
the cavity.

5. EXAMPLES OF ENVIRONMENT

An example of the acoustic environment
in the B-1A weapons bay 1s shown in
Figure 4. The amplitudes of the
resonant modes are well above the
broadband level for the first four
modes. The spectrum level of the first
mode is seen to be 155 dB which is high
enough to cause structural damage in a
very short time. The first mode
frequency 1is 18 hertz and the second
mode ls approximately 45 hertz. These
low frequencies can easily coincide
with structural resonant frequencies
and thus cause structural resonant
response and possibly fallure. Spectra
from the F-111 are shown Figure 5. The
acoustic modes do not appear as broad
as in Figure 4 because these spectra
are 1/3 octave band and each tone
includes a wider band of energy.
Caution must be used to compare the two
data. If the tone is at least ten dB
above the broadband level in 1/3 octave
band data, one can safely assume that
the peak level is close to the spectrum
peak of the same data. The second mode
peak in Figure 5 is 161 dB but the
equivalent spectrum level would be
approximately 159 dB. This is an
extremely high level and will cause
damage. The other spectrum in the
figure will be discussed later. Based
on the spectra from these two aircraft
the need for understanding the
phenomenon and controlling the
amplitudes is readily evident.

6. PREDICTION
6.1 Frequency

In the design stage of an alrcraft it
is necessary to be able to predict the
environment and  loads that the
structure and equipment must be
designed and qualified for. The
environment in the weapons bay includes
the freguency of the acoustic modes,
amplitudes of the modes, and the
broadband level. There have been many
methods developed to predict the cavity
flow induced acoustlc environment but
only a few of the more useable and
typical examples will be discussed,

Prediction of the resonant acoustic
frequencies has been addressed at least

an ovder of magnitude more than the
amplitude. The most referenced and
utilized method for predicting the
frequencles is the so called Rossiter
(3) eguation. The equation is:

oo m-a

L Mu/(1+252M2)" 7 +1/k,

Jm = {1)

where & 1s a phase lag term, Y 1s the
ratio of the specific heats, and ¥, is
the convection speed of the Juear
layer. The equation is derived by
assuming the complete cycle time is the
sum of the downstream convection time
and the upstream acoustic propagation
time along with a phase lag cof @
between the two.

Rossiter observed a convection velocity
of 0.57 and showed that the phase lag
varies from 0.25 for L/D=4 to 0.58 for
an L/D of 10. However, all his dzta
agree fairly well with using @ = 0.25
inspite of the wide variatien in actual
averaged values of @ he presented.
Much of the data obtained since his
work illustrate the need to use his
recommended phase lag values. A
comparison of flight and wind tunnel
data with the Rossiter equation is
shown in Figure 6. The agreement is
acceptable but could be improved at the
lowest frequency if the different phase
lag values offered by Rosslter were
used. It should be noted that as the
mode number increases the sensitivity
of the equations to the phase lag term
decreasgses significantly. But since the
second mode is normally the highest
level, the phase lag value should not
be assumed constant. There have been
several attempts to refine both the
phase lag and convective term in
Rossiter's equation. One attempt by
Kaufman et al (13) derived a table of
values for the convective term from
their data and used the table of values
given by Rossiter for the phase term
and then compared predicted values with
thelr measured values. Only minor
improvement was noted. Others (14, 15)
have looked at the acoustic elgenmodes
of the cavity assuming -hat the
radlation loss of the opening was very
low.

The solution of the two dimensicnal
Wwave sguation is given in Ref. (14) and
ia

L m P einon 7@
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is where the speed of sound in the
cavity and the ordered integers (m, n)
denote the longitudinal (L) and the
transverse (d) mode numbers,
respectively. Some of these modes are
shown together with the data in Figure
7. Only a few data points agreed with
the cavity acoustic mode calculation.
In reality, the radiation loss through
the open end 1s very significant unless
L/d << 1. The net effect of using more
appropriate radlation boundary
condition is to change the effective
depth of the cavity resulting in a
shift of the curves.

Considering the numerous research
efforts which addressed frequency
prediction, the Rossiter equation, with
the most accurate phase and convection
term available, will result in as
accurate prediction of the resonant
frequencies as any other method.

6.2 Amplitude

Prediction of the amplitudes of the
weapons bay or cavity acoustic
environment 1s much more difficult than
predicting the resonant frequencies.
Une of the earliest theoretical
amplitude prediction methods was
presented by Plumblee et al (4). The
mathod relies on the calculation of the
radiation impedance of the cavity
opening and then solving the wave
equation with the other five sides of
the cavity having infinite imperdace,
It is an iterative solution which must
converge. It is not convenient to
utilize and is not that accurate.

Smith and Shaw (5) developed an
empirical prediction method tor the
amplitudes of the resonant frequencies
as well as the longitudinal
distribution of the energy in the
cavity. The method is presented here
because of its ease of use and very
good first order prediction of the fiow
induced acouatic environment.

20 oy (P /gY v 30 log (P_ wman/q)
a X/ [

=10 (1= Jeows, x7ul ¢ @00 -0.8) -]
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A, * b)) rad
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Another semiemperical predictionmethod
was recently developed by Bauer and Dix

(16) . They utilized the Rossiter
frequency equation but proposed a
modified convection term. The

amplitudes were based on a response
coefficlent for each mode which was a
function of viscous and wave damping.
The resuits of their effort are
somewhat lacking because the
predictions do not agree well with data
and their predicted overall acoustic
level i3 below the level of the
resonant modes. This is totally
incorrect. Figure 8 is an example of
a comparison of their prediction method
(CAP code) with data. The disagreement
is clearly evident. Until this method
is further refined, it is not
recommended.

€.3 COMPUTATIONAL

Many efforts have been conducted to
predict the flow induced acoustic
environment in cavities by numerically
solving the time dependant flow
equationn. One of the earliest is by
Borland (17 who solved the
two~dimensional Euler equaticns for
time-dependant inviscid compressible
flow. Hia rosults were encouraging in
that the method resulted in harmonic
tones in the cavity and the overall
sound pressure levels were of the order
of magnitude of measured data. A short
time later Hankey and Shang (18) solved
the unsteady Navier-Stokes equations.
Both the predicted frequency and
magnitude of tha unsteady pressure
fluctuations in the cavity were
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confirmed with the experimental data.

More recent computatlional work has kbeen
performed by Baysal et al (19),
Morgenstern et al (20), and Harden and
Pope (21), all addressing flows past

open cavities. Some of the results
were encouraging but others need more
refinement. Such assumptions as

turbulence model, dissipaticn, damping,
grid size, time step, 1initial and
boundary conditions all require that
the codes be lterated with actual wind
tunnel data to get them to yield
meaningful results. Once a code is
producing meaningful results, it can be
used as a research tool to conduct
parametric sensitivity studies.

7. SUPPRESSION

Literally hundreds of suppression
concepts have been testecd for thelir
effectiveness in controlling the
acoustic environment in open cavities.
Tests with small scale wind tunnels up
to full size aircraft have been
conducted. Water table tests have bean
effective in evaluating a large number
of devices. Rossitar (3) in 1966
concluded that the acoustic environment
could be suppressed by placing a small
spoller ahead of the cavity. Heller
and Blies (6) tested a large number of
suppression concepts which included
both leading edge and trailing edge
devices. Figure 9 shows their four
moat successful concepts and Figure 10
i{llustrates the typical lavel of
suppression they achieved. Shaw (22)
presentecd full scala F-11l1 weapon bay
acoustic suppress.on results. The
concepts tested were a leading edge
sawtooth apoiler, leading edge 43
degree spollers, and a 45 degree rear
bulkhaad ramp. An ueffective
suppression for the 45 degred leading
edge spollers ls shown in Figure $ and
is noted tu be 24 dB for the peak
one-third oc¢tave bond. The other
devices were not as effective as the 45
degree leading wedge spoiler. Tipton
(23) documented data from the B-1A
weapona bay sith and without
suppressora. The weffectivoness of a
porous leading edge spoller is
demonstrated in Figure 11. The modal
tones are grestly reduced or eliminated
and the brecadband level (s also reduced
by 1% dB. However, suppression data
were obtained at a wide range of Mach
numbets and the wiffectiveness of the
leading edge spoilers was obsetved to
decrease at higher Mach numbeis. This
trend is shown in Figuie 12. It polints
out the need for a better suppreasion
technique which ls effective at all
speeds. Shaw et al (24) also
documented the small Mach number range
which a suppressor is effective in as
shown in Figure 13,

8. SUMMARY AND CONCLUSIONS

Aircraft weapon bays can and usually do
generate a very high intensity
fluctuating pressure {acoustic)
environment which results in structural
or electronic failure of store carried
internally. If the weapons bay and
stores are designed to withstand this
intense environment, a significant
weight penalty is incurred. Passive
suppression systems can be designed and
optinized to control this environment
but they are most effective only over
a small Mach number range. Future
systems will require that a benign
weapons bay acoustic environment be
ass'red at all Mach numbers which the
alrcraft is capable of flying. A
passive suppression system will not be
able to provide this. Thus, some type
of active control system will be needed
to be adaptive over the entire speed
range.

9. REFERENCES

1. Roshko, A. "Some Measurements of
Flow in a Rectangular Cutout,™ N.A.C.A.
Tech. Note 3488, 1955,

2. Krishnamurty, K., “Acoustic
radiation From Twa-Dimenaiconal
Rectangular Cutouts in Aerodynamic
Surfaces," N.A,C.A. Tech. Note 3487,
1955,

3. Rossiter, J.E., "Wind Tunnel
Experimentsa on rhe Flow Over
Rectangular Cavities at Subsonic and
Supersonic Speeds,* Royal Alrcrate
Establishment, ARC R.&M. No. 3438, 1966,

4. Plumblee, H.E., Gibeon, J.S§., and
Lassiter, L.N., *"A Thearetical And
Experimental Investlgation of The
Acoustic Response of Cavities In An
Asrodynamic Flow,* WADD -TR- 61- 7%,
March 1962.

5. Smith, D.L., and Shaw, L.L.,
“Prediction of The Pressure Oscillation
{n Cavities exposed to Aerodynamic
Flow," AFFDL-TR-73%-34, Oct 197%.

6. Heller, K. H., and Blise, D.B., *
Aerodynamically Induced Prossure
Oscillaetions in Cavities-Physical
Mechanisms and Suppression Ccencepts,”
AFFOL-TR~74-133, Feb 1978,

7. Shaw, L.L., and 3smith D..L.,
"Asroacoustic Snvironment of A Store in
an Alzcratt Weapons Bay,*

AFFDL-TR-64-10, Mar 1977.

8. Shaw, L.L., “Suppression ot
Aerodynamically Induced Cavity
Oscillations,™ AFFDL-TR-79-3119, Nov
1979,




9. Betry, M.R., and Rohrer , L.A.,
"Literature Survey of Aidrcraft Cavity
Flow," AFWAL-TR~83-160-FIMM, May 1982.

10. Komerath, N.M., Ahvija, K.K., and
Chambers, F.W., "Prediction and
Measurement of Flows Over
Cavities ~p Survey," AIAA~87-0166, Jan
1987.

11. Plentovich, E.B., Stallings, R.L.,
Tracy, M.B., "Experimental Cavity
Pressure Measurements at Subsonic and
Supersonic Speeds,®" NASA TP-3358, Dec
1993,

12. Rockwell, D. and Naudasche:z, E.,
" Review-Self-SustainingQOscillationof
Flow Past Cavities,"™ Jouinal of Fluids
Engineering, Vol 100, pp 152-1&5, Jun
1978.

13. Kaufman, L.G.,
and Clark, R.L.,
Flows Over Rectangular
AFWAL-Tr-82~3112, May 1983.

Maciulaitus, A.,
“Mach 0.6 to 3.0
Cavities,*

14. Yu, K., Gutmark, E., Smith, R.A.,
and Schadow, K.C., “Supersonic Jet
Excitation Using Cavity-
Actuated Foreirg,™ AlAA 94-018%, Jan
1994,

1%, Bartel, H.W., McAvey, J.M.,
*Cavity Gscillation Iln Crulse Misslle
Cacrier Alrxcratfe,*

AFWAL-TR-81-303¢, Jun 1981.

16. Bauer, R.C., &and Dix, R.E.,
*Englneering Mode, of Unateady Flow In
A Cavity,® AEDC-TR-91-17, Dec 1991.

17. Borlard, C.J., "Numerical
Perdit fon of The Unsteady Flowlield {n
an Open Cavity,” ALAA=T7-67), 1977.

v8. Hai key, W.L. and sShang, J.5..
“Anslysis of DPressure Qsclilation in An
Open Cavizy,™ AlAA Journal Vol 18, Ko
8 pp 92898, Aug 1980.

19. Baywral, 0., nd Yen, G., “lmplicit
arid Bxplicty Couctations of Flows Par?
Cavitlea Witk and Mithout Yaw,™ AlAA-
90-0049, Jan 1990,

29. Morgenstern, A, and Chokaml N.,
Computation of Hypersonic Flow Over

Three ODimensional Cavity.,™ AlAA-94-~
0631, Jan 1994,
2. Harcdin, J.C., and Pape, D.3.,

“Sound Genetation By Flow Cver A Tag-
Dimensionsl Cavity.™ AIARA  ")-4327%,
October 199).

22. Shaw, L. L., “Full “cale Flight
Kvaluation of Suppresslons Concept For
Flaw=Induced Fluctuating Pressure In
Cavitiea,” AIAA-82-0329%, January, 1292

4-7

23. Tipton, R.G., “Weapon Bay Cavity
Noise Environment Data Correlation and
Prediction For The B-1 Aircraft,”
AFWAL-TR-80-3050, June, 1980.

24. Shaw, L.L., Bartel, H., and
McAvoy, J., "Prediction and Suppression
of the Acoustic Environment in lLarge
Enclosures With a Small Opaning Exposed
to Aerodynamic Flow" AIAA~82-0121,
January, 1982.




Open-cavity flow

\g’EE
N

Transitional-cavity flow

- -
—
—
y
X
Closed-cavity flow
— -
n—c— R,
Fig 1 Three types of cavity flow —
~
Fig 3 Sketch ot baale  cavity
Fhenomenon
110
MM Cante WAAHONS OF Bl Camtr 160 b
B el .
Sy - J
v Sty ey g W oM\l
l -t g u-\-—l('.l‘-mmun uﬂh.l‘i‘ﬂmu - —
e i N
! WAL Cavte .’rﬂ,,:n'u“~ BN Moy ] 50 ho.
. Aldeumt it WbE,  MH B GTtaS -
Lamte g
e | Tew =.. - .
B I = gy >~ S
e L0 Lamty (VLW | [~ L YT !
h¥ : (LT
‘ [=- AR [y o wenlicwes ]
WU W, e o Ox
N Wdodurub Sty Tomuben (et vt
R KLJ — Y
N Ry <
! H-sASal TR 0w path LS T Y -—.ten A
(1 T
120 ]
10 $0 100 130 500
L]
. Flgy 4 Full acale B-1A weapans nhay
Flg s Jlasooslvanioan ot vaviity tliaws avvunt e levela fo: Mach aumbes 0.0
(Ret 12

at S0, 00 feet




MACN N0 C.95
ALTITUDE 18,000 FY
e 9

Wy am

173 OCTAYE BAND SPL

A )
\[) ot 1000
FALOVENCY - g

tlg 5 Full scale F-11! weapons tay

ipectra

setay

suent pate
(RN
,‘-;

k.r

e e

) - me)
ot v
. .
) N
H
. ) .
o ——— .. " ?
.
\\ . € .
"V-H. :
—— e B -y
vl
- .
3 e to 30
-
[ 3] (3 Noan-dimenalonal tea.

{teguen les an a funition of Mach

Himbier

O  Data
~—-———- acoustic eigenmode
«ssereees Rossiter (1964)

1.5+

b

B SO TUTDTUT PR~ TS . - S
ey &S

» e

- (3,1 °© e
,..OG..... POTRUDURRNRION . S
051 -0 ®

i

0 ,,LA.—’.L+JQ.LJ+LJ-LJ-+-&—LA.1—+.L! ‘L_J.+.L_A_L.‘L_

0 1 2 3
Ld

Fig 7 Comparison of cavity acoustic

modes and Rosslter's equation (Ret
14)

fre e it an WV.us ["ETIL TN - - CAD Cute
——— Dels

0 e e
L] 1.0 LR 10 400 008

Prequeney, Ha
Fig B Cempariaon o Cavity Ace umtie
Pressute (CAF) Cuge with Mah Qe
ata (Retf 1l

Vig W Fout mont prromlialng
sruppression concept s (Kaet! )




4-10

T T T T T T T

- 1
1”0 -
40 -
L .

5

RELATIVE LEVEL (48)
g

13
o
—
Kindl
S

130
Lq-
i

T

R R T I
ONE-TMRO OCTAVE EAND CENTER FREQUENCY (Hi)
Fig 10 Example suppressinn of

ieading edge spoilers (Ref 6)

]
-
R
— ] FULLY OPEN
- h ooons
- h H LOwER AFT
wk SULKNEAD  ——of
- I AMCROPHONE
4 o 1LOCATION NO 1
- [} "
s F ot NO SPOILER
s F I : CUNTEA BAY
2 8%
§u\ 4
E Y
! E.--~
E“wiouow
- SOILIA
? = sonwanoaav
- 2 1] —
g E
=
=
- Jeut
wlk Jz‘\l
e~
=
=
-
o
" BN W
' [
YRIDUANCY - w2
Filg 11 Forward and  cewnteg bay

acoygatic levels (Ret 23)

o
———
0t s’ =
’
’
Z
0 7
L | .
. s’
ETH S ”
d
’/
- 4
~ ,”
N -
"
“«
o s — N . N
Ut Y R S T A O
Fig 12 Variation of suppressor

effectiveness with Mach number (Ref
23)

"

Yy
-}
add
nry 8
20k
4

NP

Ry Al — P neser Y Y PO

Fig 13 Optimized Suppression ot
Maximum Oacillation (Ret 24)

L



5-1

IMPACT OF NOISE ENVIRONMENT ON ENGINE NACELLE DESIGN

R. Giuzio
E. Dalle Mura
G. Giuffré
ALENIA Un'Azienda Finmeccanica s.p.a.
Corso Marche, 41
10146 Torino - talia

SUMMARY

The present paper describes the general philosophy and the
followed methodology in engine nacelle acoustic design,
usually resulting in the embodiment of acoustic treatment in
intake and exhaust ducts to make the relevant aircraft
compliant with noise certification requirements

General description of conventional acoustic liners, currently in
service, and liners ol innovative design. in course of research,
is also enclosed. giving emphasis to the methodology for the
selection of the proper acoustic treatment.

Finally the Alenia softwure package (ALNOIS), ad hoc
developed to cover the complete engine nacelle acoustic design
and to support the acoustic pancls manuficturing, is bricfiv
described.

1. INTRODUCTION

With the increase of air traflic and the development of more
und more powerful engines the impact of aircrall noise
cnussion on community has become a problem of great
unportance to be considered in the nacelle design

To control the noise pollution and noise intrusion on community
lite, especully near owrports, noise limits during  light
operations have been imposed tor the atrcralt certiticution (FAR
Part 36 and ICAO Annex 10) In purallel, more restrictive
measures und rules have been adopted by some wiports where
the noise problem hud become u nationsl convern

For certification purposes o comtiercial wreralls the enutted
noise 18 quantitied m terms o Etlective Percaived Noise Level
(EPNL), i dB scale, and A-werghted overall sound pressure
level (peak dBA) Hoth decount tor the sound perception by an
observer on ground, at fised pomtion, lrom the  ancral}
appearance (0 18 disappearance dunng wke-oll’ and landing
manoeuvres

dBA accounts for loudness eflects and approninutes the human
hearmg  cluractensties tor moderste sound leve!s  FPNL
combines  human  anoviawe w0 Joudness  and  tonality
chatactenstios of noise. o tine averang elleat s also tahen
wto acvount as the nowse icreuses from the bachground floor up
to o manunum and then devreases to the autial level during the
wvethead airerall hoves

For general purposes most nations with an airport noise problem
have developed an own annoyance index which accounts for
individual aircraft noise and frequency of operation (noisc
intrusion). The map, on ground, of iso-level noise curves
represents the so called aircrafl noise signature that new cngine
design, nacelle acoustic treatment and proper tlight procedures
contributed to reduce over the vears.

2. PROGRESS IN COMMUNITY NOISE

Aircrafl noise certification appeared at the beginning of 1970s
(FAA 1969, ICAO 1970) with initial rules applicable 1o new
design only. This favoured the rescarch on the development of
quieter engines

Successively the regulation was extended to new production of
older tvpes (FAA 1973, ICAO 1976). This action had both the
effect to favour the development of “hushkits”, that could
report  the  aircrat to comply  with  the  certification
requirements, and to stop the production of those aircralls, hke
B707, wiuch could not meet the requirements unless a re-
engine achivity would be pursued

Finally m 1978 new hnunts were mtroduced (FAR Part 36 Stage
3, 1CAO Amex 1o Chapter 3) jomly to the banishment of
Chapter | (Stage 1) and Chapter 2 (Stage 2) aireralls Chapter
Lanrerafls disappeared i 989, Chapter 2 airerafts bamshinent
will be completed witlun 2002

Hushkits reduced the arrerat! nomse level from a minimum of |
EPNAB o a manimum of 4 EPNAH, the main ellect was to
nutke “legul” the relevant mrerall but they do not resolved the
pollution problem, as a change of 3 EPNAB s virtually
impercepible: by the human car, needing u change of 10
EPNAH 15 halving or doubling the amnoyunce

Of prmary impartance on the comumunity noise reduction wus
mstead  the technologeal  evolution of the  engine/nacelle
combination

Pure jet eogies, that denunated the comiercaal teet iy 19505,
were substituted by Fow By-Pass Rutio (LBER, typcally 31
wrboluny, appeared 1 19605, and High By-Puss ratio (HBPR,
typrcadly © 1) turbotins, appeared w 19705 Thas evolution led
10 4 progressively reduction of the mrerafl enutted toise
spite of a complhication of woie source components and nacelle
design

Presented ot @ Symposuon on “tipact of Acoustic Loads s Aircraft Stractures’ held i Liliehammer, Norwav, Mav 199,

-
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The single source (jet mixing noise) domination of pure jet
engines has been replaced by a multitude of tonal and
broadband noise sources that combine with combustor and jet
mixing noise (see Figure 5.1). Fan noise normally results the
dominant source at approach conditions and is a significant
contributor also at take off conditions.

Future engines generation with Very High By-Pass Ratio
(VHBPR, typically 9:1) and Ultra High By-Pass Ratio
(UHBPR, typically 12:1+15:1) turbofans are expected to
increase the fan noise (because of the larger fan configurations
and the probably increase of in flow distortion interacting with
fan due to the shorter nacelle) accompanied by a shifting of fan
tones towards low frequency (because of the larger fan
diameter and the reduced number of revolutions per minute).

Therefore fan noise will be the more important community
noise source, while buzz-saw noise (a series of equally spaced
tones produced by shock waves originating at supersonic fan
tip speed) will probably be a major cause of annovance in the
cabin.

TURBOJET

NLET Axis JET AXIS JET

. COMPRESSOR TURBINE

TURBOFAN

INLET AXIS JET AXIS

JET

TURBINE

,COMPRESSOR

FAN FAN
(Forward) {Rearwatd)

Figure S 1 - Nonve souroes darectis ity of tuthojet and turbotan engines

The nonse soutees of current generation of turhotin engines,
being orgited wstde the engine get nose vnginates outside
as o consequence of the g process between the exhaust
low of the engine and the atmospherey, have been controtled
by the embodinent of acoustic panels i the nacelle wie and gus
ow duets (e Figure $ ), w0 addition o i tip speed
reduciion and rotor stator gaps crcasing

The design of sacelle acoustic hners, acting o uttenwate the
propagoting solnd wnd then the far-licld  aduted  nose,

required a great eflort of rescarch, even if absorbent matenals
were known from many years.

[Lven PLUG

Figure § 2 - Typical acoustic liner installation in a current HBPR turbofan engine

In fact the severe nacelle environment (e.g. wider range of
temperatures, -50°C + +500°C, freeze/thaw action on retained
water, combustible-tluid retention, ete.) limited the application
of commercially available bulk absorbent materials, that would
have matched the low weight requirement, and specific
structural solutions needed to be derived.

The embodiment of the acoustic liners led the nacelle to gain a
fundamental role on the design of a quicter aircraft. The
provided benefits on the community noise were 1emarkable, as
can be scen from Figure $.3 showing the trend of noise
reduction for medium range two engine commercial aircrafls.

; . PURE JETS {113 LRPR TURROMANS [ | HBFRTURRORAN
' UNLINED SACELLE Gl LIRED NACELLE L] LINEDNACELLE

1o ¢

CERTIFRATION ASE [EPNGR |
B8

®
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AR ATCN CONDYION (FAR Pait o, BAC Anes 18

Figure S 1. Nowse progress related to jet engine evolution and nacelle improsement

The lower surtace avadability v shorter mlets of advanced
turbofuns and the low frequency content of the emitted noise
will represent a technological challenge tor nucelle und engine
manutacturers to which is demanded the development ol low

trequency hners, o neglecting any possible application of

uctive control nose techmaues

3. NACELLE ACOUSTIC DESIGN METHODOLOGY

As showed hetore the enitted seoustic noise hus become o ven
important areralt performance parsmieter due o the more
stritgent comuiity noise tepitlations

With the advemt of turbotun engies and the  reduced
impartisiee o et norse the wacelte represents the link between




the turbomachinery noise sources and the external ambient to
which is demanded the duty to silencer the engine noise.

The nacelle aconstic design requires the availability of an
accurate prediction of individual noise sources in order to
define the optimum liner which makes the relevant aircraft to
comply with certification limits and with more stringent airport
rules, for market competitiveness.

The complete loop of analysis is shown in Figure 5.4.

The preliminary prediction of the aircraft noise cmission
requires the knowledge of engine and aircraft geometric and
performance parameters.

Previous expericnce on similar engine/airframe combination
will simplify the design procedure and save costs of project as
devclopment tests need to be not performed or may be reduced
to a minimum

Engine/airframe of new design will require the availability of
noise measurements from engine static tests, for the tailoring
of turbomachinery noise prediction methods, and trom aircralt
prototype flight trials, for the refineinent of the airframe noise
prediction method and engine installation effcts.

R S -+ [zmze

‘ LTl '
ot [ coan wsme || waan mvae |
| e |y | —

de i

I [ v
I | v |

! L L
R 1eyr ot e

= v mi1 [ aomeaany

PYTSL V e

Figure $ 4 - Nacelte acoustic design methodolegy

The following main steps in the nacelle acoustic design
procedure need to be outlined

- the mitl aircraft noise prediction accouts ot no acoustic
treatment in nacelle ducts (hard wall ducts).

- the turbomachinery noise predistion is wpdated on the basis
of Mlight projection of static noise measurements, collected
duning prebinunan engine static tests usig un unlined
nacelle,

- the validation of the awrfrime nose prediction 1s bused on
noise measwrements dunng prototvpe fhight tnals, also
usetul tor engine sstatlation effects veritication,

the updated aircrat! nose prediction ss compared with the
turget noise limits (certetication hmats and/or mrport rules)
and the relevant murgins are estimated 1o toke o decision
on the adoption ol ucoustic treatinent i the nacetle intahe
and exhaust ducts,
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- low margins require the definition of a target attenuation
for the intake and exhaust ducts: this target constitutes an
nput for the acoustic treatment design,

- finally the effectiveness of the defined acoustic treatment is
verified during engine static tests and aircraft flight tests
for certification purposes.

3.1. Aircraft noise prediction

Aircrail emitted noise calculation consists in the evaluation of
the noise perceived by an observer on ground during an aircraft
manoeuvre (e.g. Take ofY, Sideline, Approach, ete.) in terms of
EPNL, overall peak dBA or any other local index.

To perform this calculation the following input data are

required:

- aircraft manoeuvre characteristics (flight path, flight speed.
ete),

- engine geometry (fan diameter, number ol blades, ete. ),

- aircrafl geometry (wing span, 1lap arca, landing gear wheel
diameter, cte ),

- engine  parameters  (fan rpm,  exhaust speed,

pressures, lemperatures, cte),

guses

- intake and exhaust ducts acoustic treatment msertion foss
matnx (i present).

The tar field radiated notse 1s then evaluated, tor cach time
interval of the aircraft manoeuvre evolution, in three steps: first
by caleulating the contnibutors of individual noise sources,
second by correcting the predicted notse for a several nuber
of effects during propugation. third by summing all the
corrected contnbutors

For a complete analysis the first step shall consider the
following noise sources, though some of them are of less
wiportance on the overall mrcrall noise (¢ compressor
broadbund notse and tones, tarbine notse, combustor notse)
- tan broadband nose (forward and rearward),
= lun buzz-saw notse,
- tan steady Now distortion tones (forward atd rearwad),
= Lan wake interaction tones (forward and rearward),
+ compressor broadband noise,
= compressor wauke uteraction tones,
- contbustor nerse,
= turbine broadbund nose,
turbine flow distortion lones,
= turbine wake interaciion tones,
= jet turbulent minng noise,
- et shock associated noise,
= Jet wang/tlup interaction noise,

- wirframe noise
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Details on the genecration mechanisms of these noise
components may be found on papers in references trom 1 to 10,

The calculated far field noise 1s then corrected to take into
account for the following propagation effects {11, 12, 13]:

- nsertion loss due to the presence of in-duct acoustic
treatment (intake and exhaust ducts).

- aircraft structure shielding and retlection effects:

- Doppler cfiect on noise intensity and frequency.,

- convection or flight speed effects;

- refraction and scattering effects related o0 the speed
difterence between external flow and exhaust gases flow:

- atmospheric attenuation:
- ground reflection,

- measunng instrument bandwidth tiltering simulation.

Finallv the noise perceived on ground by the observer is
obtained from the swranation of all the above corrected
components in termns of uscful indexes (EPNL. peak dBA,
ete.).
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3.2, Aircrsft nobse updating

Prediction methods are usially based on the existence of @ data
base of measured data

When o new engine s developed ot wien the design
moditications of an existing engine are such that substuntial
dilterences i norse enssion are expected, the usual procedure
1 1o pertorm dedicited onground engime stuhic tests on opens
e tacshities

Sttic st omeasttements e largely accurate, giving
repeatubility better than | dB over u wide runge of requencaes,
theretore they result o costsaving feature of the nose
certilication process

For static test purposes the engine, equipped with a dummy
nacelle and an in-flow control device (a screen that reduces the
distortion of flow nearly simulating the {light conditions), is
suspended to a jig, with minimised reflection efiects, on a test
arena with no obstacles that may cause acoustic interference..
The ground floor is characterised by fow absorption and high
thermal reflection. Far field noise measuring microphones have
a circular disposition (10° equally spaced from 0° to 180°) and
are face-down positioned to eliminate ground reflection
interference effects.

A typical fay out of an open-air noise test arcna is showed in
Figure 5.6.

Small changes in noise levels related to minor power-plant
moditications arc better quantified during static tests than
flight tests, so static tests are largely used both for
turbomachinery noise sources prediction methods updating and
for noise certification of re-engined wircrafts.

Nevertheless for a new airframe configuration flight tests,
other than required for noise certification, are necessary to be
performed in order to check the validity of the airframe noise
prediction method and engine installation cllects.

S06LINE

Frguie S0 Dvpical testarena lay out b nose measurements during engine static test

4. A/C NOISE REQUIREMENTS

Arrerafl noise requirements are to be divided in certification
requirements,  defined by the  intermational  regulation
orgatmsms (FAA and 1CAQO), und local requirements, imposed
by mirport authorities

FAR and ICAQ regulations mpose a certling on the noise
pennitted by commercial arerafl by speeifving nose atats st
the same three cntical condibons (take oY, sidehne and
approach) and relerence ponts around the mirport

Noise himts are given i ters of EPNAR as function of
maxunum tuke ol weight and number ot enganes Heavier long
runge arrerutt are sllowed to produce more novse, sularly fou
cngie arrerails mey be nossaer at take olY

The fugher nowse allowed tor heavier arcratts as related to the
total arport noise problem controb In Gt fong ange wireratls




operates quite rarely if compared with the short and medium
range ones, 5o the intrusion factor will be less severe.

The higher noise allowed for multi-engine aircrafls is related to
the airworthiness requirement of aircraft take off capability
with an engine failure occurring during the most critical take
off phase, that is, after there is msullicient runway to abort the
take off. For this reason a two engine aircraft has 100% miore
thrust than the minimum required for take off, with both
engines operating, so it climbs extremely quickly. A four
engine aircraft has only 33% cxcess thrust and with all engines
operating climbs very slowly. Hence the four engine airplane
results comparatively close to the community when it overflies
the reference microphone at 6500 m from the brake release; the
three engine 1s somewhat higher and the two engine 15 cven
higher (see Figure 5.7).
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Figure S 7. Climb protiles of commercial 1ot airctatls and relevant noise limits

For all class of engines a power cut-back operation procedure
15 allowed at take oft to make the awrcrall departure more
silent

The two regulations are nonunally equivident, ditferences are
present only in some detals, inaking FAR 3o more stringent

A sumimiany of certification reginrements for Stage 3 aireralls iy
given n Figure S8

Local requirements generally rmse from the noise poliution
problem caused by the air traflic

In fuct i addition w the single event of noise related to the
asreralt armval or departure 1t 1s also to be considered the noise
imtrusion on the community hite related to the number of
daly/mightly operanons This led wirport authorities to define
operational restnicions, general hnutations and penalties tor
noisy mreratts

e currently more stringent noise control measures tor mght-
ume operations are adopted by the Waslungton  National
mrport Nose limts are eapressed i term ol overall A-

waighted sound pressure level as tollows
from 22 00 to (6 59 T2 dBA for Lake oft

RS JBA for Appraach

from 07 (R to 21 §v ne lntations

Nuvertheless Waslungton anport awthonties are foteed Iy
residents to further reduce the ahove nosse ity wecording
the following proposal

72 dBA for Take off
85 dBA for Approach

from 22 (00 to 22.59

67 dBA for Take off
80 dBA for Approach

from 23 00 10 05.59

72 dBA for Take off
85 dBA for Approach

from 06.00 to 06.59

from 07.00 to 21.59 no limitations

ICAO Annex 16 Chapter 3 - FAR Part 36 Stage 3
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S. LINER DESIGN

1he overall procedure tor the design of nacetle ducts acoustic
treutiment 1s shown i Figure $ 91 stants trom the detintion of
u requaired aktenuation and continue theough the duct-acoustic
antlvsis o guantits the acoustic treatment aren eeded to
wateh the reeuined attenuation

The required uttenuation 1s generally hused, altematively, on
the thiee following ¢ntena

PR
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- total radiated sound power attenuation (as function of
frequency),

- radiated sound power attenuation for specific angular
sectors (as function of frequency),

- radiated far field sound pressure level (as function of
frequency and angular location).

Figure § 9« Duct-acoustic analysis and hiner design procedure

Next step is to determine which hner 15 capable to give the
required attenuation with minor modification of the nacelie
structure This is accomplished by studying the in-duct sound
propagation (¢.g mode theory) [14} and the far field sound
radiation (c.g. Green functions) (13, 14).

As far as conventional (locally reacting) liners ure concerned,
an important relerence parameter, for the chowce of the night
type of hiner to be used for the acoustic treatment, 1s the
Optimum  Impedance, heren defined as  the  theoretical
impedance (vs. frequency) of duct surface which would give
the best results (maximum attenuation ), this impedance 1s only
theoretical, becuuse it 18 impossible to realise an acoustic panel
matching the Optimum Impedance over the whole trequency
range of interest, however H is an usetul reference pont for the
timer design

The ¢valuation of the Optimum Impedance, for a given duct
geometry (diameter and length) and mtermal tlow veloety,
requires the construction, for cach frequency, of a data-base
contanung the aticnuation provided by a set of duct mtemal
surfuce impedances.

The data base 1s caleututed by applying the mode theory and by
restricting the anabysis to the hard wall acoustic cut-on modes
(modes which propagate with no atienuation for the hard wall
duct case) Some assumptions regarding the scoushic energy
distribution among ducts modes are necessury Comunonly the
equal energy  distrebution, sometimes tuctored by o basing
tunchion (more emphasis o well cut-or modes) {13], s
consdered

In particular cases, when the scoustic cnergy 15 mainly stored
v a haited nunsber o acoustic modes (¢ g tor the lun tones),

it can be useful to define the Optimum Impedance with
reference to that group of propagating modes.

A typical plot for the single frequency attenuation data-base is
shown in Figure $.10, the maximum altenuation point,
obtained by interpolating the sound power ottenuation contours
on the impedance plane, comesponds to the Optimum
Impedance for the frequency under examination.

An analysis complication is represented by the boundary layer
effect on sound propagation. Studies and experiments on this
subject [16] showed that the boundary layer has negligible
effects on sound propagation along exhaust ducts but
remarkable effects on the attenuation charactenistics of the
least attenuated mode (lowest order mode) in case of inlet
flows. This cffect results in a reduction of the oblainable
attenuation, with a decrease of the Optimum resistance of the
single mode [17], for boundary layer thickness to duct radius
ratios (8/R) above 0.025. For large nacelles the above ratio is
usually less than the limit and therefore the boundary laver
elfect can be neglected.

If the Optimum Impedance 1s not sulficient to furnish the
required attenuation it is necessary to moditv the naceide
structure, generaily by increasing the treated arca length, ind
repeating the optimisation loop of calculation for the modificd
duct
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Cptimum Impedance detinition

At the end of the above process the detimtion of the acoustic
treutment 13 focused on those hiners having inpedunces as near
as possible close 0 the Optunum Impedance especlly m
those frequency ranges which are considered moze cntical for
wreralt nose certification (¢ g tan blade pussing Irequency
und relevant hanoomes)

The hiner design procedure 15 based o the avalubihiy of
mpedance models data-buse and is articuluted as tollows

- denivation of u set ol scoustic hiners (u terms of geometnc
and acoustic chaructenistics) that mutch w a <uite good
manner the Optunum Impedance curve,




= calculation of the far field noise attenuation considering the
duct lined with this set of liners,

- dcfinition of the acoustic panel geometry.

6. LINER CHARACTERISTICS

Acoustic liners can be divided in two main groups:

~ the locally reacting liners whose acoustic behaviour at each
point depends only on the acoustic field characteristics at
that point;

+ the non locally reacting liners whose acoustic behaviour is
related to the complete acoustic field along the panel (e.2.
acoustic pressure distribution).

Locally reacting liners represent the current generation of in-
service  acoustic  pancls. ‘Their acoustic  behaviour is
characterised by the complex ratio between the instantancous
values of the acoustic pressure, p(1), and the acoustic particle
velocity, u(f); this ratio, called acoustic impedance, 7(t), is a
function of sound frequency and is constant for every pomt of
the liner surface exposed to the acoustic ficld

‘The impedance is generally expressed as:

P

20
: u(f)

Real and complex part of impedanee are named resistunce,
R(1), and reactance, X(f), respectively: co that it is common to
find the equation:

()= RN+ ()

The mpedance property of locally reacting liners allows to
perform the in-duct sound propagation anulysis, for the
cvaluation o’ the acoustic treatment performance, in a closed
torm solution by using the mode theory

The tundamental properies of locally reacting liners are
summarised in Figure 5 11

. LOCALLY REACTING UNERS |

SOUND PROPAGAT)
NIOE THg 3‘?‘ MORMAL TO THE LnF R SURFAL R
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PRTSSLAT Akl TWE PARTICLE NORMAL VELOCTY
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Pugure $ 11 L oally rcating liets peoperties

5.7

Locally reacting liners can be grouped in three ditferent main
classes (see Figure 5.12):

- mainly resistive liners;,
- resistive/reactive liners,

- linear tesistive/reactive liners.

Mainly resistive liners are generally constituted by porous
material. They are not used in engine nacelle ducts because of
their capacity to retain water, with possible decrease of
porosity and acoustic performances due to freeze/thaw cycles,
combustible-tluids, which are a fire hazard, etc..

Resistive/reactive liners constitute the simplest and earlier
generation of liners for nacelle applications. They have a
sandwich structure, single or double layer, whose components
are: perforated facing sheet and septum, honeycomb cores and
backing sheet.

LOCALLY REACTING LINERS
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Figure § 12 . Typical contigurations of locally reacting linees

Liner impedance contributions becomes trom:

- the pertorated plate (holes diameter, sheet thickness, open
urca), that gives mamly a resistive contnbution,

- the honeycomb core depth, having a reactive contnibution
only and  determuning  the  frequency  for - maxunum
attenuation

A slight contribution to the reactunce is also given by the
perforate and 1s called inertnee

Large vanations ol liners unpedance are caused by grazing
flow Much number and sound pressute level of the mewdent
sound field

Lanear resistive/teactive liners have the same structure of the
perforated ones but include o metathe wire cloth (waremesh)
on the pertorated tucimg sheet having aw igh open urey.

The wiremesh eflect is 1o increase the resistive contnbution off
the fucing sheet makang 1t nearly constant over the whole
lrequency range and less sensitive 1o the granng flow
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Design parameters are the D.C. flow resistance and the non
linearity factor, defined as the ratio between the D.C. flow
resistance values at flow velocities of 200 and 20 cm/s.

Also for this type of liners the reactive part of impedance is
mainly governed by the honeycomb core depth with similar
effects to those of perforated liners.

Non locally reacting liners are currently matter of research.
The acoustic response of this class of panels depends on the
whole acoustic field acting on the panel surface (acoustic
pressure distribution) and it is not possible to identify a single
parameter characterizing the liner acoustic behaviour.

The acoustic peiformances of non locally reacting liners can
only be quantified in terms of insertion losscs for each
duct/panel combination.

The duct propagation analysis in presence of this type of liners
shall be performed using a fimite element or finite difference

technique; no closed form solution is available

‘The fundamental properties of non locally reacting liners are
summarised in Figure 5.13.

[ NON LOCALLY REACTING LINERS ]

SOUND PROPAGATION

NSIDE THE LINER PARALLEL AND NORMAL TO THE LINER SURFACE
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CHARACTERISATION  THE WHOLE ACQUSTIC FIELD ARD FLOW CONDITION

IN-DUCT PROPAGATION

Y & OF T
vsis QLY BY MEANE OF NUMERICAL METHODS

Fugwre $ 13 - Non locally reecting liners properties

Spectal cases of non locally reucting hiners are hose that
behave as non locally reacting i only one direction (e g
circumferential)

Figure 5.14 shows some contigurations of non locally reacting
liners charactensed by a non locally reaction along the
ctreumferential direction ondy

The acoustic response of such punels depends on the
curcmferentinl acoustic pressure patient i the duct, for each
crcumferentinl - distnbution 1t s possible o deline an
equivalent impedance for the ducVpanet combination

Constdering that the acoustic modes of the duet are grupad on
the basis of arcumierentinl pressure lobe number  (mode
crcumlerential order) 1t s possible to detine the avoustic
performance of o ducUpanel combiation using the mode
theory (solution s closed form), difterent impedances are to bhe
convidered for each cireumterentinl mode order

Circumferential non locally reacting liners are currently under
investigation by Alenia and others European partners inside a
CEC (Committee of European Community) research.
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Figure S 14 - Typical configurations of circumlerential non locally reacting liners

currentlv under investigation inside a CEC rescarch

7. LINER DEVELOPMENT TOOLS

‘The liner design process requires the availability of impedance
models that relate the geometrical and physical characteristics
of liner components to the resulting impedance.

Liner impedance maodels are derived with the clfort of test
results obtained from a dedicated test program and wsing
special oois

b.ocatly reacting hiners impedance models are determined senu-
empineally (18, 19, 20, 21, 22| through the expenimental
measurement ol the acoustic properties of its components

Tools and  test tuclities  dedicated o these  tests are
summersed w Figure $ 18

Facing sheet churactenstics, usually measwied by meuns of o
Ruylometer, are the tollowing

- pertorated sheet D C. flow resistance,
- owiremesh DO ow resastunce and non lineanty tictor,

= bulk matenal D C Now resistance for umit of thickness

lmpedance measurements o lmer test sample ure performed
usiing an impedance tube, with no grazing flow, und 4 tlow duet
tacalsty, in presence of grazsng low und boundan taser

The flow duct tacility 123, 24] connisty of two reverberation
chambers (upstream and downstream) cach other connected by
o sort of wind twnel consisting of un inlet bellmouth, o test et
il o dilfuser Flow iz gencraled by blowers, tun or ejecton
Arr supply ond air exhaust ducts are acoustically treated 10
nreduce unwanted noise e the ity and outside  nonse
ntrusion
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Figure $ 15 L ocally reacting biners development tools

This arrangement allows to simulates the sound propagation
pattern inside nacelle intake and by-pass ducts: the dittuse
sound field at inlet belimouth penmits an equal cnergy
distribution among the acoustic duct modes, while the sound
generated inside one of the two reverberation chambers
sunulates, alternatively, the upstream propagation (nacelle
mtuke duct) and the downstream propagation (nacelle by-pass
dugt)

Test section 1s usually rectungular, which approximates the
annular - geometry  of  by-pusy  ducts  und  allows  the
manutictunng of at test samples

The flow duct tacility atlows the denvation of hiner impedance
both idirectly, by perfonming wsertion loss incusurements
(difference between the sound pressure level, for each 143
octave hand centre frequency, m the receving room without
ad with ncoustic paneds i the test section), and directhy
through the u-situ memsurement techugue tsing minsature
microphones

A tymeal lay out of o How duct tacihity as showed i Figure
S 1o
- .
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The theoretical modelling of non locally reacting liners results
currently almost complicated.

Facing sheet and septum characteristics, can be still measured
by means of a Raylometer.

The flow duct facility can be used to correlate the insertion loss
of the complete panel with the incident sound field.

Nevertheless of great importance is the exact simulation of the
sound field propagation pattem, as the acoustic behaviour of
this class of panels varies with the ducts mode order.

Tools and facilitics dedicated to the experimental testing of
non locally reacting liners are sumumnarised in Figure 5.17.

NON LOCALLY REACTING LINERS DEVELOPMENT TOOLS ]

! RAVLOMETER 1
“\r MEASURRMENT OF FAUING SHERT ] ‘
" AND SEPTYM PORUSITY i 1
§ R

w | SPNNING MODE DEVICE I
FLOWDUCTRACILITY |, e
4 [

" DNSENTION | (3 MEASUREMER T UF

LML FRENTLAL MULTIEOBE

POARETIN LOVS MEASUREMENT
- - i ACUUSTR MRS

.

©LINER IMPEDANCE MODELLING

Figure S 17 Non localby reacting hinery development tiols

For nacelle applications of ircumterential von locally reacting
liners an usetul ool 15 o speadic device allowng  the
generation and control of spimng multitobe preasure pattem,
so simulating the sound propagution characteristics insude the
nacelle ducts

Such a device {24, 23] herem called sprming wode device, can
substitute the rectangular test section of the ow duct faaihity
o installed m a Tow nose wind el Major components are

«a spiug wunde generator wat, moveble (rom one e to the
other for upstream and downstream sowd  propagation,
consisting of @ crcumlerenbial aray of equally spaced
sound generatons (whose number depends o the manimum
sprunng mode otdet to he gencrated ), sownd generaies ran
at the wnne diving trequeney bt properly phased (o
reprodune the wanted mimber of Jobes and e spinning
nattire of the pressure pattern,

two ressire patiem owasuting rabes, provided with a
radial and roumicrential traverse mevhaman,

a bonndany laver vontrol and ieasring deviee,

the lined partion, alteriatively unhined twe ents
Cnpoton,

- two end muatllers, W todine the reflectad noise
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A device of this type is showed in Figure 5.18.

l’ UPSTREAM NOISE PROPAGATION
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Figwre 5 18 - Spinning mode device lay out

8. ALENIA SOFTWARE PACKAGE

In order to perform the whole caleulation acuvity for the
aircrafl noise venfication and the nacelle acoustic design
Alema developed a dedicated  soltware  package  named
ALNOIS (ALenia NOise Integrated Software)

‘The package 1s mainly constitited by three calculation modules
(see Figare $.19).

1) AIRCKAFT FREDICTION MobtLE Thax module contatis a set
of sophisticated noise prediction methods and requires the
Knowledge of a large anount ol engme mntemal geometn
and perfarmance parameters The module can manage the
eng e static test and thght test dutu (broamdband nove and
disc tones separation, neise sources breahdown, tones
ongin Wentification) amd gives suggestions for prediction
methoads updating

1) DUCEACOUSTIC ANAL VSIS Attt Thas module 15 capeble
to analvse circular and annular ducts by detenmining the
relevant attenuation data-baxe which v used for the
defimtion of the Optnnwn Impedance  The insdict poise
propagation amalas s pertonmed wang the Mode heon
amt conmdenng as propagating e cut w mades of the
wrlined dict cave (hard wall) T saund radiation analvan
s performed wang the CGireen fuwtian

W TINER tidos et This madule van evahate the
unpedance charactersatics of lovally reacting lusens of the
lotlowing pe

< manh reastive,
feudive/teactive,

lincar rexstive/rengtive

iesides 1t 1 used to suppont the toscand, davelopment and
manufactunng of nacclle avntie pancts i Alenia

A detal of the ALNOIN mdutes 1elevant 1o the antall e
e intion and the dict-acoustin analiais s showed in Faguse
f20

Figure $ 19 . Stracture of Alenia NOwe Integrated § stwue (ALNOIS) package
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the ALNOIS wltware andutectwie i madules gives it a great
Henitalin and allows e posstalin ey from ditfcrent
Pt av Buwtion of the wmpat data avadable o wipphicd toe
the nacetle avoustic ircatent detioinn vaee Piguee € 21

Pty aguraft goonwtin, cogine Jata aml aircrall Qight
pertormame b this case the vamplety ooy ut daicabatun
o oprrioaned  sarting Brem the ushial aingall v
peoditinon amd finahing with the defimbon of the e
chatatenstis e the navclie dity,

dmd rnTky dut attenation oguiteeent This opten
pormats o juinp diredth o the nan of e dit-avotstn
analyus module avseding all the caloulatnms retated o
auytafl noiwe provichion,

Yd pwimy snpodame toquiroment In this wase anh the
linser dougn tnadule noovds b b ivn




ENTRY POSSIRILITIES
TOALNOIS PACKAGE

=L
== =

i
i!
|

- : —

.....r..‘ ' i

B e & mvttommn o -
1

Figwe v 21 Poaarble entnes o AL NOIS sollware pe sage

Y. CONCLUSIONS

fhe paper presented o gencral overvew on aincratt noise
emission problem  and  relesant reane cnents tor o
wettitication

Particular etiphasts has been given to those areradt equpped
with high bygass ratio eigines that, st watn . propet
metle acontic desgn strongh coutnbutad o oot
notwe atatenwnt

Caental phitosopdin and methadology (o be tallowed i cagine
e avomntic treatment deagn, togethwr wath 4 gawtal
wigrvien on wovetibonal daaalhy reacting) amd wuatne
tron hocally teacting s liwes, have been des tibwd

Pmalh 2 shoet dewrplion of Alvtia Saltware Pakage
CALNONN s vapatulitio toe engine fanslio avoustiy destgn amd
Lt s manulactiting suppasrt has been ropaiald
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IMPACT O DYNAMIC LOADS ON PROPULSION INTEGRATION

J. M. Sciner
Fluid Mechanics and Acoustics Division
NASA Lanzley Research Center
Hampton, VA 23681 USA

SUMMARY

Aircraft dynamic loads produced by engine exhaust plumes
are examined for a class of miitary fighter and bomber
configurations in model and fult scale. The configurations
cxamined are associated with the USAF F-1§ and B-1B
aireraft, and the US  F-18 HARV and ANTOVL, programs.
The expentence gained as a resuli of these studies is used to
formulate a level of understanding concerning this
phenomena that could be uszful at the prehminary stage of
propulsion/airframe design.

1 INTRODUCTION

Prediction of dynamic loads for aireraft s very complex. In
order o arrive at ¢ conservative estimate for a particulur
structure’s cervice life, one must often consuder dynami
wputy from several sources that van couple and non-hinearly
interact with the structure. The most familar of these
dynamic inputs are those assoctated svith turbulent batmbary
layer fluctuations, turbulent wake tlow, flow over cavities,
amd vortienty shed trom the wircraft forebody. One
additional source for wreraft dytanue oads s associated
with titeruction ot the structure with acoustic energy
prodiced by the mperaft propulsion exiaust system

These acoustic oad sourees, which are the subject of this
paper, are generally overlooked an the areraft design stage
because, up o now, they were considersd msigniticant
relative to the othey sournce mechamisine. However, one van
equally atgue that msuthivent mtormaton exnts b cleatdy
Jdefine this phenomenon to enable genetation ol an
appropriate design provedure The puipose of this paper s
not o develop sucl o design provedure, but o show that
dytanie loads induced by potse trom the guvralt engines are
unportant

Over the last several seans st NASA, we have been mvolved
w the study of wncratt dynamee plume loah GOwr eftorts
have heen entirely devated to the study ol several ditterent
fighter and bomber arcraft, ranging from model te tull wale
Our earhiest studies myvolved the peoblem ot tatigue tadure
ol the engine nozele vuter divergent Bap system on the

18 tighter (Ret 1) umnd the ROVH homber aivialt (Ret 2y
Ihe study s Ret 1 oabo constderad the sonie fatigue
environment assoviated with the twan 2D-CD rectangalae
nozzles of the F 1S SAMITY (Nhort Fake ot and L amding
Muanetver Tevhaology Demvnstraton mngaft
ivolved the isvestigation of dytamie vane loads anocratad
with the vevwnng laps of the NANA 1 IR HHARY (High
Alpha Rescanch Vehwle) and dynanie loads vn the fuselage
and aerodynamie conttol sarfaves asoiated wath e tuke
utt and cruse modes ot the gomt USUR supesonn
ANTOVE (Advanad Shoit Take O amd Vertwal Lambing)
snratt Ty paper altempls o provede a counfinated
acvount of the key tesults af this reseatch expenenve, and
whete posable, describe potential methnads for seduving

Cthier studies

dynamic loads at the integration destgn stage.

The paper 15 organized as follows. A bnef review 1y
presentad of supersonic plume acoustic sources 1o provide
understanding of physical characteristics of the dynanmie
structure loads,  This is followed by a discusston of the
fatigue of outer divergent nozzle tlaps, vectonag vanes, jet
impingement loads, and cruise scrubbing loads.  Finally,
methods are discussed to enhance component service hife
through reduction of these loads.

2 SUPERSONIC PEUMIE ACOUSTIC SOURCEN

A comprehenstve 1eview of supersomy jet notse souree
mechanisms s given in Rets. 3 and 40 Here, we will only
highlight significant features of these sourves o provide
hetter understanding ot role they plav as potential
mevchanisms for the sonwe fatigue fowds
are generally related 1o the divergeme of the gradent of
the turbulent Reynolds stress temsor. Parge ditfercaves
sound amplitde occur depending on whether the sonrves are
convected subsoncally or supersonwally and, i particular, of
the turbulenve v convented through shock waves i the
plume
with the direcuvity, amplitinde, amd spextral teatures of these

Fhese noise soutves

For purposes here, we shall sumply be concerned
NOINE sOUILEe

bl

2a MACH WAVE FMISSTON

OF particulat signdname s trbgleno that 1s vonvedtad at
speedy supetani wlative o e soumd spead ot the
surtoumding atr Undet these civuuntate s IR notse 1
fadigted mte g narow vone sutcunding the jet aus s
none nodenotad, after Phdlips (Ret S04 “eddy Madh wave
cnnson”, and s ganly tecondad by stanband shatow graph
ot swhlieren methads  The halt cone angle. @ defines tie
region for Mach wave emavion, and i detetined Trom
euation |

[T S \ B ih

where the convective Mavh nunber, M foe Kelbvn
Helmbnlty Tastatihiy. Waves (KWL Supersonn Tintabihity
Waves (SMW) and Subsame Inatabibity. Waves (5MW
given by Lee Ulertel, Rel 0,

KHIW M =V e 7y e ) [

NISW M =V ey 'y

MW MooV gy e ) 4
where V,oand o e repactively the tully eypadal jet eut
sehwaty it wumd spend The surroumbing ar saumd yweed
worepresent O by o The convedtive Mach number fog the
KHIW, NSIW, and NIW can b be sanngutad Tnua
solutinn o the compesuble Raylegh oquatnn

Fresew d at a Ssaporinn on Cgsicr of Aot Ly on Ancngt Stctires” heid i Lillehammer. Norman, My 19N
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Within the framework of the acoustic analogy approach,
Ffowes Williams and Maidanik (Ref. 8) theoretically predict
that acoustic energy emitted by the Mach wave mechanism
is proportional to M,*. This proportionality anses at
supersonic convection speeds when individual quadrupole
sources radiate as monopole sources, Under these
curcumstances, there is no net near field cancellation of
sound, and the acoustic source efficiency is maximized. The
Mauch wave source mechanism produces acoustic energy
between 0.1% (cold jets) and 1% (hot jeis) of the jet
mechancal energy. At angles beyond the Mach wave
ermission angle, the acoustic source efficiency drops to that
assoctated with subsonically convected quadnipules, which is
in the order of 0.01% of the jet mechanical energy.

The data of Figure | illustrates the features discussed above
for turbulent generated nowne frem jets operating fuhy
pressure balanced (i.e no plume shocks). Here the hot jet
tar field scoustic data reported earlier by Seiner et al. (Ret.
9y s exdrapolated to a path co-hnear wath the jet axis with o
2.5 et diameter displacement. The exst design Mach
number and dameter of the nosele are respectively 2 and

S 144 cm In thes extrapolation, the jet sources are
presumed o be tovated along the jet hp-hne and ot a
dintance of S jet exit duameters downstream. The acoustic
levels along this co-tinear path wre given m temms ol pst
s for tour et exit total temperatures of 313, 78S, 1,
and 1 3TEYKL

1.2

o8

os

94

ACOUST:C FRESSURE PSI

20 i e e e .

Near Freld At Pressure Abeng Co Lincat
Path to e fet A

Frguiv 1

the farge untease i anutin pressuty beyand XD - 4 0an
he attnbutad W Mach wave cinen adue W the KHITW
Lable 1 hats thwe vonvedtive Mach aumber. Mach ctiana
angle. and ave !l bisatnon of (eak enetgy cntted akag tris
tay path as poshotad By oquabiens 3oasd 2 for the KHIW
MHared ot the analvan of Rel 9 ber ths tange of wi et
tempwratures i Bigure 1 the SSIW eant orhy anall
smplituide waves amd the MW e ot eust A gl
vompanieen o ealibited hetween the predited peak onergy
baations of the KHIW amt thiae (wah amphith!e bwoaten
shown e Dagute 1 fhe wumd eontten! at haabaan X0 < i
1 avnatal with futhuleme heing convented at b
spends, that o M« 1 based oo evuatinns | otheough !

flore the ot soune tadiates acastn energy as 2
sualugede sune with much biwet acudn clnwms

Table 1. Mach Emission Charactenistics of KHIW for
Mach 2 Jet.
T, ‘K M [:] XN YD
313 1.32 40.7 7.33 25
758 1.66 52.8 6.52 2SS
1114 1.80 562 6.34 !
1370 1.87 §7.7 6.26 25

The data in Figure 1 clealy demonstrate the impotance of
the Mach wave erission inechanism.  Pressure amplitudes
near 0.6 psi-rms are achieved for an unheated (T, = 313°K)
Mach 2 jet and levels at 1.0 psi-rms are reached for
extremely hot jets (T, = 1370°K).  For most fighter aircraft
configurations this is of no consequence.  However, the
fuselage tail, horizontal and vertical stabilizer structures of
bomber and ASTOVL configurations with supercnugal
engine nozsle pressure ratios need to be designed o handle
these loads. The Y/I) = 2.5 distance used in Figure 1 is
typieal of most homber aircraft, and to halve these observed
levels would require o doubling of the distance from the jet
hp-line. Several of the supersome ASTOVLL designs have
jet centerhine to tuselage distances of one jet dameter. This
places wowh of the wreraft tail an the hydrodysamic pressure
tield where dynamic load levels exceed 1 psi-rms. Many
arcraft operate at mibitary power setungs that have jet total
temperatures n the range 735 w0 114K

MACH 2 FULLY PRESSURE BALANCED JETAT T, = 1370°X
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In adbton o the dynamn laad lesel the strutuzal deagn
methend foquires vibadetateen of the lads spectrum e data
W rpure 1 peesent the vanatio of Moukal freguenos. N,
along ke same oo hinear path of Fagute TG the et cut
temperature of 1INTK T values ha N ae e
annnated with the peak spevtral amphitude of the apestrum
at eab anial bcativn IThe Strashal requeny o given by
N < DA wbete 1D amd ¥ oare tespeviinely the
freyuemey . jet cut diancter, amd fully expambat jot vehwaty
Neat XD o~ 70 ahe value e Ny i 008 which woukd
searespuand an et (ol wale apgpdivatiom, W a flequem y
near 18z The hwatian, XD e 7, v repeesentative of
where mavunmum load levely are foumd for all et
tempetatures inveatigated amd aewn g Figure |
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2b SHOCK GENERATED NOISE

For those aircraft missions invelving supercritical engine
nozzle pressure ratics, it is extremely difficult to schedule
engine nozzle geometry to achieve fully pressure halanced
operation over its mission cycle. Additionally, nozzle
geometry has yet to be developed that entirely eliminates
intemally generated shock waves, like that achieved using a
geometry designed by the method of characteristics. Thus
all supercritical engine operations always lead tn the
presence of shock waves in the jet plume. The presence of
shock waves in an exhaust plume gives rise to an additional
noise source.

When turbulence is convected through a shock wave its
interaction increases the fluctuating energy in the vorticity,
entropy, and sound modes. For purposes of this paper, it is
the sound mode, termed shock noise, that is of interest,
Shock nowse consists of a broadband spectrum, termed
broadband shock noise.  This source noise component has an
encrgy peak in the spectrum that is Doppler dependent.
Wiken the plume shock cell spacing is near an integer
multiple of the wavelength for the most highly amplified
fixed frequency wave of the jet shear layer, the shock waves
will oscillate at that frequency producing what 15 termad jet
screech. The screech mechanism requires feedbnk of
acoustically generated nome to the nozzle exit W be properly
maintaned.
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Prgure U peodides a typwal evample of the avustn far fichd
(RAY « T pevpwttion of doth Moadhand sk mese and jet
swiveeh  Thie cnample pertains W the overeapamded
opetataen of an unbeated Mah 2 nosele 3t a Tully erpambat
jet Mah numder of 19 Ihe Duppler ahitt of the
freguetiny. [ of the bruadband spevisal peak amphitnde valuce
woadeatly obwrved  The wromch Teguem ), shown as @
namow spwke judt hebow [oat @ o 19U a0 oot Dopples
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Prediction of the broadband shock noise source for simple
jets has been achieved through both the analogy approach
(Howe and Ffowcs Williams, Ref. 10) and the compressible
Rayleigh model (Tam, Ref.11). The model of Tam has thus
far achicved the most success when results are compared to
measured data for hot jets in forward flight. Prediction of
the amplitude of jet screech still remains a formidable
challenge, since one needs to first resolve the initial jet shear
layer’s receptivity to acoustic forcing by the upstream
generated noise produced in the jet screech cycle. The
frequency of jet screech can be predicted trom Powell’s
model (Ref. 12), or more appropriately, using the
compressible Rayleigh model (Ref. 13).

Simple relations can be used to predict the frequency of jet
screech and the frequency at which the broadband shack
noise spectrum achieves maximum amplitude. and the energy
produced by broadband shock noise.  These relations are as
follows,

Screech Frequency

S = LDV, = VDL - MALVL + M, - M) 5
Frequency for Hroadband Peak Amphitude :

Sy = LDV = VUL - MPALV(L - Mcoost - M) ()
Browdband Shoevk Nowse Intensity

Liwatts/m’y = 641 - BRI = oM - MY M

where in the above, 1) w the Jet exat nozele duameter, M »
the nozele design Mach sumber, M, s the Tully expanded jet
Mach number, 115 the tully expanded jet dameter (Ret
B Vo the tully expanded jot velocity, MK the
vonvedtion velaaity for the KHIW, ¥V the convection
veloaty determuned from oM, using eyuation 2. M, the flight
Mach number, 8 v the eminsion angle from the et o, §
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The maximum sound pressure levels listed in Figure 3 show
that the shock noise components radiate most of their energy
upstream in the direction of the nozzle inlet. In this
direction, shock noise totally dominates the jet noise
components described in section 2a.

By way of illustration, Figwe 4 shows the excess noise
generated by screech and broadband shock noise for a series
of nozzles. Here the measured sound pressure level,
recorded at R/D = 80 and 8 = 15(F, is plotted against the
parameter B = (M7 - 1), which is related to the nozzie
pressure ratic through M, These sound pressure levels are
shown to vary significantly abuve those recorded for shock
free nozzles. The solid line represents measured sound
pressure levels for shock free jeis. Point A represents the
Mach 1.5 nozzle design point at p = 1.1, Point €
represents peak shock noise for overexpanded operation of
the M, = 1.5 nozzles, and point B the peak shock noise for
their corresponding underexpanded operation.  The nozzle
that appears to have the worst trend for high amphitude
shock noise generation 1s the conical convergent-divergent
(-1} Mach 1.5 nozele. There appears to be no operational
point where shock noise is significantly reduced,  Its model
nozele geometry 18 denved from that used on F-100 engines
at cruse power setting for P45 awcraft. Except for a few
vperational pomnts near sy desigh Mach number, the
convergent nozzle appears o be more satisfactory than the
comeal C-1D
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their engine nozzle outer divergent flap system are the F-15,
powered by twin Pratt & Whitney F-100 engines, and the B-
1B aircraft, powered by four General Electric F-101 engines
in two twin nacelles. The F-15, which currently performs
its mission without these flaps, experienced fatigue failure of
its outer engine nozzle divergent flaps on early production
aircraft delivered to the USAF. The B-1B aircraft
experienced fatigue failure of the forward hinge mechanism
that held the divergent flap in place at the trailing edge of
the nozzle lip. However, for the B-1B, it was not possible
to remove the divergent flaps, unless one was willing to
reduce mission potential.

It is important to note that not all aircraft which use outer
divergent flaps have had failures with their system. Notable
examples of trouble free operation are provided by the F-14
and F-18 aircraft. These aircraft have wider engine
centerline spacings. To understand the problem associated
with the F-1§ and B-1B, it is necessary to introduce two
important ph2nomena that vecur specifically in aircraft with
twin engine nacelles, and with engine ceaterline spucings
near 2 jet diameters in the cruise power setting.

The first phenomenon, termed twin supersonic plume
resonance (Ref. 14), is associated with phased coupling of
the turbulent large scale structure of eawch engine’s exhaust
plume.  Under these circumstances, acoustic feedhack
associated with the jet screech cycle s increased producing
substantually higher dynamue levels at the mtem-nozzle
exhaust plane. The second phenomenon s associated with
the shedding and bursting of vortieity from awrcrafl forebody
pars. Twin engine pacelles generate a regron of low static
pressure 1 the cacelle afterbody inter-tozzle region. s
low state pressure provides a dnving foree for the
convection of bunt vortiaty iato the region of the nwelle
afterbady. Bach of these phenomena van be aflustrated using
nuntel resylts

L IWIN 11 PLUME RESONANCE
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This reference level for fatigue is shown in Figure 6 by the
dashed line. Application of the tab to one nozzle reduces
the amplitude of screech to less than 0.1 psi-rms. The
azimuthal location of the single tab is unimportant.
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a. phase averaged schlieren of unsuppressed mode Figure 6.  Magnitude of inter-nozzle dynamic pressures in

unsuppressed and suppressed modes.

3b SWEPT FOREBODY SEPARATED FLLOW

To enable study of the second phenomenon associated with
twin engine nacclles, a flow visualization study was
conducted on a 1/72 scale full span model of the B-1B
aircraft. The

right hand twin engine nacelle was constructed with flow
through inlets and exhaust nozzles. Flow through this
powered nacelle was adjusted to correspond to a jet to free-
stream velocity ratio of 2.07. Dye tracers were injected at
the aircraft nose and at locations just upstream of the '
nozzles on the over-the-wing fairing. The sweepback angle

of the wing was fixed at 67.5° and photographs of the dye

streaks were acquired with aircraft angles of attack of o =

O and 2°.

Figure 7 shows the flow visualization results. The dye

tracer released at the nose of the model aircraft indicates

smooth, undisturbed flow to a region near the leading edge

of the wing body junction. At this point, a vortex rolls up,

bursts mid-chord. and is convected into the inter-nozzle

region of the twin engine nacelle afterbody. When the dye .o
tracer is released at points on the over-the-wing fairing the
flow is again seen to be swepl into the same inter-nozzle
a single tab-like device is applied to the upper nozzle. It is region, )

clear from this schlieren record that the flow structure of
each plume is uncoupled and that the shock cell length of
the affected plume is shorter than the undisturbed plume.
Under these circumstances, ~o organized feedback can take
place 1n the jet screech cycle.

b. phase averaged schlieren of suppressed mode

Figure 5. Illustration of twin jet plume resonance and
method for reduction.

B i R
FLOW VSUALZATON {PAT ¥/ATES TURAEL

Figure 6 shows the resulting reduction of amplitude of the
jet screech component in the nacelle afterbody inter-nozzie
region when the twin jets are operated unsuppressed and
with a tab in one nozzle. The dynamic pressures were
obtaimed over i very wide range of fully expanded jet Mach
numbers. Levels approaching 0.4 psi-rms at M, = 1.3 are
ohserved for the unsuppressed screech mode. This level is
well above the (.16 psi-rms value, where Ref. 16 reported
significant sonic fatigue and crack growth problems on the
.18 fuselage, vertical and horizoatal stabilizer components. Figure 7. Flow visualization of 1772 scale B-1B full span
model with flow through inlet and exhaust.
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In order to attain an understanding of how each of these
phenomena contributed to the dynamic fatigue failure of the
engine nozzle outer divergent flaps on the F-15 and B-1B
aircraft, we shall have to look at results obtained with full
span wind tunnel tests and full scale flight experiments.

3c F-15 FULL SCALE STUDIES

Full scale studies were conducted at the NASA Dryden
Flight Research Center using their F-15 research aircraft.
This aircraft was still equipped with engine nozzle outer
divergent flaps. These flaps, as indicated in Figure 8, were
instrumented with static and dynamic pressure sensors,
thermocouples, accelerometers and strain gages. The aircraft

Microphones
Strain gages : -F -7 |
Accelorometers] ‘

Figure 8.  Ames-Dryden F-15 flight test vehicle.

was flown throughout its entire flight envelope including
supersonic dash at altitudes from 1.5 km to 13.7 km and at
all engine power settings including one engine at idle.
Representative results from this study are shown in figures 9,
10, and 11.

Figure 9 shows the measured dynamic pressure spectrum in
psi-mms for the divergent outer D-flap on the left-hand
engine. The sensor is mounted in the central section of this
flap. The D-flap is one that is located in the inter-nozzle
region of the afterbody nacelle. where we expect the highest
dynamic loads to be found based on field reports of fatigue
failure. Both F-100 engines are operating at military power
with ap aircraft angle of attack. o = O°, flight Mach number
of M; = 0.723, and altitude of 4.72 km. The predicted
screech frequency, f,. for these engine power settings and
aircraft speed is 63 Hz., as indicated in Figure 9. This
frequency i1s computed using equation 5. From equation 6,
the predicted peak amplitude frequency for broadband shock
noise, f, is near 70 Hz. As can be seen, there are peaks in
the spoctrum near these frequencies. The discrete tone at
400 Hz. is aircraft power line frequency. The frequencies
between 60 and 90 Hz. contain most of the energy in this
loads spectrum.

The magnitude of the spectral components for full scale,
however, fall far below the levels recorded in the small
model study shown previously in Figure 6. The spectrum
peak amplitude level of 0.008 psi-rms lies 20 times below
the reference level of Ref. 16 for sonic fatigue failure. It
should be noted, however, that amplitude level by itself is

not a definitive parameter, for sonic fatigue. One generally . Lt
needs to consider a structures reiponse to the applied . ' Ce e
dynamic load. To do this consider for the same flight e
conditions of Figure 9 the following acceleration and strain .
spectrum in Figure 10. 0w

-025.__.__...‘.,.._..~__v U D"F‘, J——
NN e
fg (predlctgd) LH Engine |

.020—

6
.015~W {V§D &)
Pressure ¥ hy |
(PS1) 0w

.005’— | | MM
L

I U R R R
"0 100 200 300 400 500, _
Frequency (Hz) U

Figure 9.  F-15 full scale aircraft outer flap dynamic loads
spectrum.
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Figure 10. F-15 full scale acceleration and strain spectrum.

Here the accelerometer is located on the D-flap in the same ' . ;
vicinity of the dynamic pressure transducer. The strain gage 4
is located near the trailing edge of the D-flap. where most e
fatigue failures were reported. Both the acceleration and ’ ’
strain spectrum show a high amplitude narrow band content
centered near 100 Hz. In laboratory testing of the titanium
outer flap, Pratt & Whitney determined a fundamental flap
resonance frequency of 104 Hz. Thus the measured
response of the flight hardware lies close to that determined
in earlier studies at Pratt & Whitney. We see from these
spectra that the excitation loads spectrum lies close to the
natural response of the outer divergent structure under flight
conditions,

In Figure 11 it is shown, that 2 good correlation exists
hetween the applied dynamic pressure load and the flap’s
response to this Joad.

Based on data similar to that in Figures 9, 10, and 11, for
other flight conditions and engine power settings, it is
possible to estimate the time to failure of the F-15 aircraft's
outer divergent flaps. The number of cycles to failure can
be estimated from equation 9 as follows,

N (cycles) = (0, / )" = (0, / e (9N

where for a titanium panel, 6, = 3.3*10" psi, E = 15.5*10°
psi. m = §, and € is the strain. The data from the flight
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F-15 full scale coherence between applied
dynamic load and flap strain field.

Figure 11.

study produced the following correlation of strain with
atrcraft dynamic pressure, Q, as follows,

€ (strain) = 3.9*10* P (psi)

(10
P (psi) =2.6%10* Q (psh
Substitution of the correlations in equation 10 into 9
produces the following estimate for time to failure,
T (Hrs.) = (f,N /3600) = (f, / 3600%Q, / Q) (1H

where the reference aircraft dynamic pressure, Q, is 21,200
psf and the fundamental flap resonance frequency, f,. is 104
Hz. The estimated time to failure of the F-15 aircraft
engine nozzle outer divergent flaps is plotted in Figure 12
from calculations based on equation 11. Field reports on
flap failures usually followed after use of the engine
afterburner and often with as little as 15 hours of flight
time. Most afterburner applications involve aircraft operation
where Q is in the order of 800 psf. From the time to
fatlure curve in Figure 12, we see¢ the prediction for flap
failure is in line with field experience.

10° = Y
i
10° = :
Time -
(HRS) 107 .-
1ot
5 e s B e e ,_,:,___J‘
0 200 400 600 800 120c
O (PSF)
Figure 12, Estimated time to failure of F-1§ aircraft engine

nozzle outer divergent flaps.
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d 115 WIND TUNNEL TESTING ' - .

A study involving acquisition of dynamic loads data on an :
8.33% full span model of the F-15 and F-15 S/MTD was : : :
conducted in the NASA Langley 16 Ft. Transonic Wind . .
Tunnel. The full span models are shown in figures 13a and R
13b. The objectives of this study were to determing if
testing in a wind tunnel would produce similar results to the
F-15 flight test program and to determine whether the F-15 .
S/MTD research airplane with its 2D-CD nozzles would face

potential fatigue problems like those that plagued the F-15

airplane.

- o
}a"..“ to

a. 8.33% F-15 mode! with axisymmetric nozzles.

b. 8.33% F-15 S/MTD model with 2D-CD nozzles.

Full span model testing in Langley 16 Ft.
tunnel.

Figure 13.

rigure 14 presents a summary of the dynamic loads recorded

in both wind tunnel and flight tests. These loads are

correlated with the aircraft dynamic pressure, Q. All results

pertain to operation of both nozzles at a pressure ratio of

3.89. Transducer 72 is positioned at the D-flap location in . .
both the flight and wind tunoel experiments. Transducer 75,
is located on the model in the L-flap location of full scale.
which corresponds to an outboard location on the left-hand
engine 180" from the D-flap sensor.

Both the wind tunnel and flight experiments produce nearly
equivalent dynamic load levels at the D-flap location. This
gives a good indication that wind tunnel testing can provide
adequate representation of the loads environment associated
with the afterbody nacelle in twin engine configurations.
The full span model results also indicate that outboard flap
locations have remarkably lower dynamic load amplitudes.
This is consistent with the model scale studies of Ref. 14.
In that study, inter-nozzle dynamic pressures were found to . ces
be § times greater than those recorded at outhoard locations.
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Figure 14. Model and full scale dynamic loads scaling with
aircraft dynamic pressure.

In a similar fashion to the data presented in Figure 14,
Figure 15 shows results obtained with the F-15 $/MTD
model. Here, it can be observed that the dynamic loads on
the divergent outer flap and in-board sidewall are
considerably lower than those obtained with the F-15
axisymmetric nozzles. This observation has yet to be
confirmed from flight test data.
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Figure 15, Comparison of dynamic load amplitudes
between axisymmetric and 22-CI[) nozzles.

i B-1B FULL. AND MODEL SCALE RESULTS

The B-1B rescarch aircraft represents a4 more complex
challenge than the E-15 aircraft. In the B-1B aircratt, both
the twin jet plume resonance and separated flow mechanisms
compete 1 different parts of the flight mission to define the
dynamic loads spectrum.

Figure 16 shows a typical loads spectrum acquired from the
B-1B flight test program. The spectrum is from a sensor

located in the inter-nozzle region near the trailing edge of
the left-hand engine outer divergent flap. For this flight
condition, M, = 0.85, and engine power setling, equation 5
predicts & jet plume screech frequency, f,, of 31 Hz. and
equation 6 a broadband spectral peak amplitude at a
frequency [, = 70 Hz. As can be seen, these predicted
frequencies agree well with the spectral peaks in the flight
spectrum.  Wind tunnel tests with a 6% full span model 1n
the Langley 16 Ft. tunnel, shown in Figure 17, provide a
different interpretation of the flight test spectrum of Figure
16.
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Figure 16. .Typical engine outer divergent flap dynamic
loads spectrum from B-1B flight test program
(from Ref. 2).
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Figure 17. B-1B 6% full span model in 16 ft. tunnel.

To see this, consider the sample dynamic loads spectrum of
figure 18, which 1s derived from the wind tunnel model
tests.  In this spectrum, contributions from both the separated
flow and twin jet plume resonance phenomena are identified.
At the relatively low speed of the simulated forward flight
Mach number of (0.2, both mechanisms produce well defined
spectral peaks at different locations in the spectrum.  As the
forward flight speed increases, the separated flow mechanism
produces a spectral peak amplitude frequency that shifts to
higher values due to the increased convection velocity. The
opposite trend applies to the twin jet resonance phenomenon,
where the spacing of plume shocks is increased due to
forward speed effects and screech and broadband shock noise
frequencies decrease as 1s predicted by equations 5 and 6.

At a flight Mach number of 0.85, both mechanisms have
spectral peak amplitudes near the same value of frequency.
In the fAight case spectrum, both mechanisms produce
spectral peak amplitudes near 30 Hz,
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Figure 18, Characteristic spectrum showing competing
mechanisms.

To further confirm this observation, Figure 19 shows a plot
uf the spectral peak amplitudes associated with each
phenomenon as a function of the wind tunnel Mach number.
‘The nozzle pressure ratio 18 held constant with a value of
2.4 for this comparison. Here it i1s observed that dynamic
pressures due to twin jet resonance diminish with wind
tunnel Mach number, while those due to separated flow
increase. The two mechanisms have equal dynamic
pressures at M, = 0.5. The wind tunnel data suggest that
the spectral peak amplitude near 30 Hz. in the B-1B flight
spectrum at M, = 0.85 is most likely produced by the
separated flow phenomenon.  This phenomenon isillustrated
by the dye streaks of the flow visualization study shown in
Figure 7. A similar flow visualization study by Lorinez
(Ref. 17). using a full span model F-185, revealed that
separated flow from the aircraft forebody was not convected
into the engine nacelle afterbody region. It is important, of
course, that this issue be resolved, since very different
methods would be required to reduce dynamic loads for each
mechanism.
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Freure 19,

One final point needs to be made regarding the external
engane outer divergent flap. This is the question regarding
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the value of retaining such a device for production aircraft
and incurring the expense of costly maintenance, or
removing the flaps and incurring a performance penalty
which could effect the aircraft mission profile.

In the wind tunnel study, a test was conducted to address
this issue. A three component shell balance was placed in
the left-hand nacelle. The external flap contour was
removed from an additional set of dry powered nozzles, as
shown in Figure 20. As shown in Figure 21, a difference of
six drag counts is representative of the average difference in
nacelle C, over the Mach number range investigated. The
nacelle afterbody drag increases sharply beyond M, = 0.85
even for the nozzles with outer divergent flaps due to
massive separation of flow induced by a shock on the nozzle
afterbody. The variation of afterbody drag was found to
depend only slightly on aucraft angle of attack.

=

WITH OUTER FLAPS

- o
e

FLAPS REMOVED

Figure 20. Dry powered nozzles with and without external

flaps. i
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Figure 21. Performance penalty associated with removal of .
outer flaps on B-1B (Ref. 2).
4. I-18 HARV_AEROACOUSTICS

A study was conducted using a 7% scale nozzle afterbody of
the NASA F-IR High Alpha Research Vehicle (HARV) to
assess the dynamic pressure loads on vectoring vanes
deployed into the nozzle engine exhaust to achieve full
vector authority.  The model, with vectoring vanes, is shown
in Figure 22. One additional major concern of this program
was related to excessive noise levels recorded in the inter-
nozzle region of the HARV aircraft after removal of the
divergent nozzle section from each nozzle of the twin F404
engines. Dynamic pressure levels increased by a factor of 3,
which could entirely be attributed to shock noise, for the test
were conducted statically.  Figure 23 shows a comparison of
the measured inter-nozzle sound pressure levels between the
baseline convergent-divergent nozzles and the resulting
convergent nozzles at the military power setting.
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These measured inter-nozzle dynamic pressures fall below
the reference criteria of Ref. 16 (i.e. 0.16 psi-rms = 185 dB
SPL). but were sufficient to cause fatigue of engine nozzle
attachment components. The component failures occurred
within one hour of test time. The model scale vane loads
were found to be substantially higher, as expected, than

those in the inter-nozzle region. This is shown in Figure 24,

for an aircraft vector angle of -20°.

7% scale model hot jet nozzles

Water cooled
- pressure transducer

Thrust
vectoring vanes

Figure 22. HARV 7% scale model nozzle afterbedy.
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Figure 23. F-18 HARV aircraft inter-nozzle spectra.

Over a very wide runge of nozzle pressure ratios, the
measured pressure amplitude exceeds ! psi-rms for those
vanes deployed into the exhaust plume. The retracted vanes,
at -10°, experienced pressure amplitudes approaching 0.5 psi-
rms. This amplitude is substantially higher than those
recorded for the B-1B and F-15 aircraft, as indicated on
Figure 25, and certainly higher than could be expected from
either shock noise or eddy Mach wave sources. FEvidently,
the flow impingement noise associated with the vectoring
vanes substantially increases the dynamic pressure amplitudes
on non-vectoring vanes,

The NASA 1-18 HARV program proved successful from the
perspective that the arcraft met all aerodynamic performance
goals and experienced no component fuilures. The vectoring
vaties, which were designed to handle the dynamic loads
from the model scale tests, experienced no fitigue over the

duration of the test flight program.

Simutated maneuver/military power
O Vane 1- stowed, -10°
O Vane 2 - deployed, +20°
A Vane 3 - deployed, +20°
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Figure 24. Dynamic pressure loads on thrust vectoring
vanes of HARV 7% model.
5. SUPERSONIC ASTOVL

The joint US/UK supersonic ASTOVL program produced
aircraft designs that were most challenging from a structural
design viewpoint, Its predecessor, the subsonic MCAIR AV-
8B, had always recorded high amplitude dynamic loads in
both the take-off, hover, and cruise modes of its mission.
Figures 25 and 26, from Ref. 18, respectively provide an
example of typical measured surface dynamic pressures
levels in SPL for both take-off and cruise modes. Levels as
high as 153 dB were recorded for take-off and as high as
167 dB for cruise. Component failures were reported in the
vicinity of the 167 dB SPL.

The potential upgrade of the AV-8B, to include supersonic
dash capabilities in its mission profile, raised concerns that
the potentially higher levels expected from both Mach wave '
radiation and shock noise sources would severely

compromise the durability and reliability of numerous

aircraft structural components. We shall brieflv consider,
from model scale studies with supercritical nozzle pressure
ratios, the noise environment associated with both the take-
off and cruise modes.

Figure 25.

AV-8H take-off dynamic pressure load levels.




Figure 26. AV-8B cruise dynamic pressure load levels.

Sa ASTOVL TAKE-OFF MODE

To achieve stability, the supersonic ASTOVL. configurations
generally involve a cluster of four engine exhausts in the
take-off mode. Two main twin engine exhausts are
deflected to the ground plane near the aircraft C,. Two
other twin exhausts, driven off of fan by-pass air, are
directed to the ground from the vicinity of the swept wing
leading edge. Early studies at NASA (Refs. 19 and 20) and
McDonnell Douglas (Refs. 21 and 22) concentrated on the
physical mechanics associated with the ground impingement
of the twin main engine exhausts. Two concerns existed
with regarding dynamic loads. The first was the unknown
aerothermal dynamic loads on the fuselage in the vicinity of
the twin jet fountain upwash described in Ref 21. The
second concern was excessive loads on aerodynamic control
surfaces, such as the wings and canards.

Norum's experiments (Ref. 19) show that the impingement
loads from the ground impingement of a single rectangular
nozzle consists of tones and broadband noise components
associated with jet plume interaction on the ground plane
and jet shock noise processes. The impingement tone
frequencies, f,, were found to satisfy the loop equation for
feedback developed by Neuwerth (Ref. 23), which is,

f, = n/fL*c, + ¢} / ¢;*¢)) n= 1,2,3... (12)
where L is the distance of the nozzle exit to the ground
plane, ¢, is the phase velocity of convecting large scale flow
instabilities, and ¢, is the ambient sound speed. The
impingement noise in Norum's experiment was found to
achieve maximum amplitude in the range of 3 £ L/D < 10.
Beyond L/D = 10, jet screech and broadband shock noise
processes dominated the loads spectrum.

A comprehensive study was conducted in the NASA Lewis
9 X 15 Fu. low speed wind tunnel using a 9.2% powered
full span advanced STOVE model (Ref. 24). Figure 27
shows the model mounted in the wind tunnel. The
objectives of this sludy were to assess hot gas ingestion into
the inlet and dynamic pressure loads on aerodynamic control
surfaces and the fuselage. The model utilized twin splayed
rectangular convergent nozzies for the main engine exhaust,
as shown in Figure 27. Representative results from this
study are shown in Figures 28 and 29.

Figure 28 shows measured dynamic loads spectra associated
with & sensor focated at a mid-canard on the lower surface.
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ASTOVL 9.2% odel in NASA Lewis 9X15
Wind Tunnel. (from Ref. 24)

Figure 27.

The simulation was conducted with a forward wind speed of
11.3 m/sec. and at nozzle pressure ratios of 1.7 and 3.1,
The dynamic load level, in OASPL dB, for the three jet
total temperatures of 260, 400, and 538°C is shown in the
figure for a range of model aircraft heights from O to 30.48
cm. The model aircraft height is the distance of the landing
gear from the ground plane. The model height is adjusted
from O to 24 equivalent nozzle diameters. At the fower
altitudes, the jet impingement noise, which consists mainly
of tones, dominates the overall dynamic loads amplitude.
This peak amplitude occurs near 2 equivalent nozzle exit
heights, is invariant to jet total temperature but substantially
higher in the supersonic mode (i.e. NPR = 3.1). At higher
altitudes, the dynamic loads are dominated by jet shock
noise, which is dependent on jet total temperature. For
subsonic operation, like that of the AV-8B, the maximum
dynamic load levels are controlled by the jet impingement
process at low aircraft altitudes and both mechanisms at

higher altitudes for more typical engine exhaust temperatures.

At supercritical pressure ratios, the maximum dynamic load
levels are controlled by the shock noise process, particularly
at high jet total temperatures. The peak dynamic load level
of 155 dB in hover with supercritical nozzle pressure ratio
represents a particularly difficult challenge because it
involves a control surface.

Similar results, for the sensor located on the mid-wing lower
surface, are shown in Figure 29. Here, dynamic load levels
are higher for both nozzle subcritical and supercritical
operation. The wing sensor is located closer to the nozzle
exit plane than the canard sensor. For both nozzle modes of
operalion and all jet temperatures, the peak dynamic load
level is dominated by the jet impingement process, which
occurs at the same altitude of 2 equivalent nozzle diameters.
The peak dynamic load level is near 160 dB SPL. Ref. 24
reports that levels on components impacted by the jet
fountain upwash were near 175 dB in the worst case.

The data reported in Ref. 24 is of real concern because the
dynamic load levels are significantly higher than those

[y
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discussed for the F-15 and B-1B aircraft.  Further methods
can be applied to reduce these loads other than the use of
rectangular nozzles, like those used in the studies of Refs.
19, 20, and 24. The use of a low speed co-flowing
airstream would help considerably to interrupt the feedbuck
path and reduce both the jet impingement and shock noise
process. i
Numerical simulations of the jet impingement problem have
been undertaken in Refs. 24 and 25. The study in Ref, 25
has the long term goal of eventually simulating methods
associated with the reduction of the dynamic loads.

5b ASTOVI]. CRUISE LOADS

In addition to high dynamic load levels in the take-off and
hover modes, the cruise mode also represents a very serious
aerothermal load problem. In this mode, the supersonic hot
jet exhaust is positioned very near the fuselage at the wing
trailing edge. Often the nozzle exit centerline to fuselage
separation is within one nozzle height for rectangular
nozzles. Figure 30 shows a schlieren image obtained with
such a configuration. Here, the rectangular nozzle was
designed with a 2 to 1 throat aspect and was operated
unheated and fully pressure balanced at M, = 1.35. From
this photographic record it is easy to observe a Coanda
effect, where the nozzle plume can be seen being sucked

Figure 30. Schiieren image of supersonic jet plume
scrubbing in ASTOVL cruise mode.

toward the fuselage side of the plume. This causes
premature scrubbing of the jet plume with the wall, which
leads to fuselage surfaces exposed to higher aerothermal
loads. A corresponding dynamic loads spectrum for the flow
conditions of the Figure 30 schlieren record is shown in
Figure 31. The wall mounted surface sensor is located
spanwise from the jet centerline at X/H = 0.873, where H is
the nozzle height and downstream a distance Z/H = 5.183.
This location places the wall sensor just upstream of the
region where the flow impacts the wall. A screech
frequency of 5370 Hz. was calculated using equation S and
appears to agree well with the measured results. The
amplitude of the screech component is very near 174 dB
SPL. Based on the results presented in Figure 1, had this
jet been heated to representative engine cycle conditions, the
dynamic levels would be much higher across the spectrum,
particularly at Jocations downstream of where the jet plume
scrubs the wall. The levels in Figure 31 for the unheated




jet, by themsclves, raise serious concems regarding reliability
and durability of many large fuselage components that would
be impacted by the plume.
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Figure 31. Dynamic loads in cruise mode from model scale
ASTOVL studies.
6. DISCUSSION AND CONCLUSIONS

In this paper the sonic fatigue environment has been
examined for structural fatigue concerns associated with the
engine nozzle outer divergent flaps of the F-15, F-15 S/MTD
and B-1B aircraft, thrust vectoring vane loads on the F-18
HARV aircraft, and take-off and cruise dynamic loads for
ASTOVL aircraft. A brief review of principle supersonic jet
noise sources was conducted to introduce these mechanisms
as additional contributors to structural component failure.
The principle sources were eddy Mach wave radiation and
shock noise, both broaaband and screech. In almost all
cases examined, the shock noise source played a prominent
role in defining the dynamic loads spectrum. But often
competing mechanisms were found to dominate in different
regions of the aircraft mission profile.

For the engine nozzle outer divergent flaps, twin jet plume
resonance (i.e. jet screech) dominated the loads spectrum at
low flight Mach numbers for the B-1B, but the convection
of forebody separated flow into the twin engine nacelle
afterbody dominated the loads spectrum at higher flight
Mach numbers. The problem was found configuration
dependent, in that the swept forebody vortex never entered
the nacelle afterbody of the F-15 aircraft based on flow
visualization experiments at model scale. The thrust
vectoring vanes of the F-18 HARV experienced the highest
dynamic load levels of all configurations examined,
amplitudes were found to exceed 1.5 psi-rms with a 20°
thrust vector. The non-vectoring vanes were found to be
exposed to levels in excess of either shock or eddy Mach
wave sources. The most probable cause for this was
attributed to 1mpingement noise from the thrust vectoring
vanes. The supersonic STOVL configuration was found to
be dominated by noise associated with jet impingement,
dynamic load levels reached 160 dB SPL on aerodynamic
control surfaces. The cruise mode for supersonic STOVL
was found to be of severe concern, since practical
configurations with small nozzle to fuselage separation would
suffer severe scrubbing by the jet plume. Levels as high as
174 dB SPL were observed.

In general, the acroacouslic scieatific community has not yet
reached a stage where prediction of the dynamic load levels
and particularly the loads spectrum with source coherence is

possible with the complex aircraft configurations examined in
this paper. It is clear, however, that sonic fatigue of aircraft
components occurs quite frequently, and with levels much
lower than the 0.16 psi-rms reference level suggested in Ref.
16. This is due partly to the nature of the source
mechanism. Jet screech produces frequencies in full scale
aircraft, that in many cases, lie near a structural component’s
resonant frequency. This occurs frequently, because during
an aircraft’s full mission profile the screech frequency can
shift over one decade and become a concern at a point in
the mission profile. Often this has been found to occur in
cruise, where an aircraft spends most of its time. Jet
screech also produces an acoustic wave that has a spatial *
coherence at least as large as the size of many aircraft
components. Thus the excitation of the structure is
maximized.

Methods for reducing dynamic loads associated with

supersonic jet plume sources are numerous, though often not

practical. It would appear, however, that investigations

should be conducted involving the use of fan by-pass air,

where possible, to diminish the amplitude of jet screech and

impingement loads. Porous surfaces arc known to work well

at reducing the strength of plume shocks, which would

substantially reduce both sock noise sources. Mach wave

emission can also be substantially reduced through the use of

propulsion efficient mixers. The requirement here is to

reduce the axial extent of jet plume where turbulent

structures convect supersonically relative to the ambient

sound speed. Some measure of noise reduction is required

for the current applications investigated in this paper. When

one considers the advantages of using advanced composite )
material on aircraft components to reduce aircraft weight, the .
need for jet source noise reduction is more paramount, since K
little is known of the fatigue properties of these materials at ot
high levels of dynamic load. :
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SUMMARY

The Wright Laboratory is the Air
Force center for air vehicles,
responsible for developing advanced
technology and incorpeorating it into
new flight vehicles and for
continuous technological improvement
of operational air vehicles. Part
of that responsibility is the
problem of acoustic fatique. With
the advent of jet aircraft in the
1950s, acoustic fatigue of aircraft
structures became a significant
problem. In the 1960s the Wright
Laboratory constructed the first
large acoustic fatique test
facilities in the United States, and
the laboratory has been a dominant
factor in high-intensity acoustic
testing since that time. This paper
discusses some of the intense
environments encountered by new and
planned Air Force flight vehicles,
and describes three new accustic
test facilities of the Wright
Laboratory designed for testing
structures to these dynamic
environments. These new test
facilities represent the state of
the art in high-temperature, high-
inteneity acoustic testing and
random fatigue testing. They will
allow the laboratory scientists and
engineers to test the new structures
and materials required to withstand
the severe environments of captive~
carry missiles, augmented lift wings
and flaps, exhaust structures of
stealthy aircraft, and hypersonic
vehicle structures well into the
twenty-first century.

1. Introduction

The U.S. Alr Force recently
reorganized ite major commands. The
Strategic Air, Tactical A:.r, and
Military Airlift “oma. 1ds have been
replaced by the Air Combat and Air
Mobility Commands. Similarly, the
Systems and Logistics Commands have
been merged into the new Materiel
Command. This change was combined

USA

with a restructuring of the Air
Force laboratories, which are now
under the new Materiel Command.
There are four major development
centers under the command,
responsible for space and missiles,
electronics, air vehicles, and human
systems. Each of these centers has
its associated laboratory--the
Phillips Laboratory for space and
missiles, the Rome Laboratory for
electronics, the Wright Laboratory
for air vehicles, and the Armstrong
Laboratory for human systems. The
Wright Laboratory is responsible for
aeronautical technology, and is an
amalgam of the older Air Force
laboratories for avionics,
electronics, flight dynamics,
materials, and propulsion. The
Wright Laboratory technologies and
programs are direct descendents of
the original Aircraft Laboratory of
the 1950y.

2. Acoustic Fatigue in Aircraft
Structures

The Wright Laboratory has long been
a leader in the technologies
required for aircraft structures,
and one of these driving technology
areas is that of the dynamic
environments of acoustics and
vibration. Until the 19%0s, the
main emphasis in structural dynamics
had been the control of sinusoidal
vibration from reciprocating engines
and from helicopter rotors. 'The
electrodynamic shakers, vibration
weasurement equipment, and dynamic
‘esponse analyses of those davs were
designed to handle combinations of
sinusoidal forces related to blade
passage {requancies and piston
engine rotation frequencies.

With the advent of long-range jet
aircraft flying at nearly the speed
of sound, random vibration anc
acoustic inputs became much mcre
important, The first indications of

FPresented at a Symposium on “Impact of Acoustic Loads on Aircragt Structuwres” held in Lillehammer, Norway, Moy 1994,
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the severe acoustic environments
experienced by jet aircraft were the
problems of Lhe KC-135 fuselage
fatigue and the B-52 wing structure,
wnich showed cracking failures much
sooner than expected. After
extensive study and flight
measurement.s, the acoustic
environments were shown to be a
severe combination of inputs from
several sources, including jet
noise, boundary layer noise, and
disturbed air flow around control
surfaces and other protuberances.
The general features of jet aircraft
combined environments are shown in
Figure 1. These acoustic inputs
typically reach levels of 150-155
dB, which are much higher than
previous aircraft environments.
These are very severe acoustic
levels, because even 140 dR sound
pressure levels can cause acoustic
fatigue and cracking of aircraft
eeccndary siructures.

To deal with these acoustic
environments, Wright Laboratory
researchers Bianchi et al. (1962)
reviewed the state of the art in
acoustic testing, and the laboratory
constructed its Sonic Fatigue
Facility in the 1960s. Kolb and
Rogers (1962) developed plans for
the facility, and the final form i
described in Kolb and Magrath
(1968). This facility is now
operated by the Structural Dynamics
Branch. A schematic of the branch
facilities is shown in Figure .

The centerpiece of the test facility
was the large scale test chamber, a
reverberant chamber with a volume of
159,000 cubic feet, cr 4390 cubic
meters. The acoustic input was
originally provided by 36 air
sirens, each producing sound from
air flowing through slots opened and
closed by rotating and static disks.
Each siren covered a narrow
frequency band, and the combination
provided the broadband acoustic
output. The sirens have been
replaced by electro-pneumatic

mod: ators with broadband random
acoustic outputs,

The original sonic fatigue facility
included a quarter-scale reverberant
chamber whose dimensions are one-
fourth of the large chamber, and a
small chamber for testing much
smaller specimens. The quarter-
scale and small chambers are

configured as progressive wave
tubes, in which the air flcw from a
compressor has acoustic energy added
to it by the air modulator, is
expanded through an exponential
horn, propagates through a tube of
rectangular cross-section, and
impinges on the test structure,
which comprises one wall of the
tube. The acoustic energy is
absorbed in a termination section
composed of acoustic absorption
wedges, and the air is exhausted to
the atmosphere. Progressive wave
tubes are able to generate more
accurate simulations of acoustic
inputs impinging on flight
structures than reverberant
chambers, and are now the moust
commeon type of high-intensity
acoustic test chambers. The
combined environment test chamber
also shown in Figure 2 is a new
addition, and will be discussed
later.

3. Aconustic Environments of
Missiles in Captive Carry

In recent years, Air Force front-
line fighter aircraft such as the
F~15 have been called upon to carry
newer, more capable missiles like
the Advanced Medium-Range Air-to-Air
Missile, or AMRAAM. Because of the
speed and maneuverability of the
F-15, the missiles are subjected to
very severe acoustic environments
even beforz they are launched, when
they are in captive carry under the
F~15 wings. Wright Laboratory
engineers measured the captive-carry
AMRAAM environment on F-15s and
found it to reach overall sound-
pressure levels of 175 dB over
frequencies of 30 to 2000 Hz.

To test the missile to realistic
levels in existing facilities was
very difficult. The simplest
solution was to remove the fins and
insert the missile into a 12-inch-
diameter progressive wave tube
driven by 3 Wyle WAS-3000 air
modulators. The missile was mounted
on its LAU=-106 launcher for a
realistic mounting condition.
Figure 3 shows the schematic of the
missile in the tube, and also shows
the required test spectrum as a
golid line and the achieved third-
octave sound pressure levels with
x's.




This test represented the highest
broadband acoustic levels ever
achieved for a missile. As a result
of lab testing by the Wright
Laboratory and government and
contractor flight testing of AMRAAM
structures, the missile was
successfully modified by the
contractor and qualified for flight
under the entire flight envelope of
the F-15. The AMRAAM will also be
the main armament of the new Air
Force advanced tactical fighter, the
F-22.

4. High-Temperature Acoustic
Environments from STOL and Stmalth

To achieve short takeoff distances
and rapid climb rates, new aircraft
have been designed with larger flaps
for additional lift. The lift from
the aircraft wing and flap is
limited by the velocity and volume
of air flowing beneath the surface,
and this lift can be augmented by
flowing additional air from the
engine across the lifting surface.
This was first applied in the YC-14
and the YC-15 short-takeoff and
landing (STOL) aircraft prototypes
in the early 19708, and is now being
used in the Air Force C-17
airlifter.

However, augmenting the lift by
using engine exhaust gas subjects
the wing and flap structure to
intense noise and temperature
inputs. An example from the YC-14
is shown in Figure 4. 1In addition
to raising the acoustic input from
the typical level of 155 db to about
165 dB, the augmented lift subjects
the structures to temperatures of
500-700 F. Many structures can
withstand high dynanic forces at
normal temperatures, but lose their
strength rapidly at higher
temperatures. New, high-temperature
structures must be designed and
tested to this combination
environment, or the fatigue lives of
these high-lift devices will be
limited, increasing the maintenance
costs of the aircraft.

To achieve staalthier aircrafet,
modern designs such as the F-117
fighter and the B-2 bomber use a
variety of technigues to reduce
their radar and infrared siynatures,
To reduce the emission of infrared
energy from the heat of the engine
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exhaust toward the ground, these
aircraft are designed with multiple
engine nozzles that exhaust over the
top of the aft structure so that the
exhaust gases are cooled before they
become visible from beneath the
aircraft.

The result of this is that the
aircraft aft structures are
subjected to high-temperature
acoustic envivonments much like the
blown flaps of STOL aircraft.
Stealthy aircraft, like STOL
aircraft, need materials and
structurec that can maintain their
strength and fatigque resistance at
higher temperatures. This
translates 1nto requirements for
flight testing of the actual
environments and for developing
laboratory test facilities for
high-temperature fatigue testing.

5. Thermo-Acoustic Environments of
Hypersonic Vehicle Structures

Hypersonic vehicles will operate at
much higher dynamic presgsures than
conventional vehicles, leading to
gevere acoustic environments
associated with both turbulent
houndary layer and high thrust
enginers. Intense thermal fluxes
will be present over large areas of
the airframe, increasing the
potential for acoustic fatigue
damage. Local flow separation and
shock impingement wili aggravate
both the acoustic and the thermal
environments.

"™he initial predictions of the
thermo-acoustic environments and
heating levels, or Q, for typical
hypersonic vehicles range from a Q
of 20 Btu per square foot per second
on the upper body to a Q of more
than 500 on the airframe nozzle.

The corresponding acoustic levels
range from 150 48 up to an
unprecedented 190 dB for the nozzle.
There are no existing facilities
that can duplicate these dynamic
environments, and these acoustic
test requirements are the most
challenging yet encountered by the
Wright Laboratory.

6. The Wright Laboratory Acoustic
Teat Facilities

The Structural Dynamics Branch of
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the Wright Laboratory is responsible
.or acoustics and vibration of
aircraft. To meet the test
requirements of these new classes of
vehicles~-STOL, stealth, and
hypersonic--the branch is greatly
increasing its capability for high-
intensity acoustic testing of flight
atructures by building three new
test chambers. Two of the new
chambers incorporate high-flux
heating and multiple acoustic
drivers intn new progressive wave
tubes; the third combines shaker
fatigue testing with a temporature-
and pressure-controlled
environmental chamber.

The Random Fatigue Chamber provides
the capability to determine the
random fatigue characteristics and
damage mechanisms of advanced
material coupons and structural sub-
elements. A schematic of the
chamber is shown in Figure 5, The
facility consists of an
electrodynamic shaker that can
produce a random force output of
20,000 pounds RMS, coupled with an
environmental chamber capablc of
operating from -250 F to 2600 F with
variable atmospheric pressure and
partial pressure gas environments.
This chamber is now on-line and is
being used to generate atress vs.
cyclea to failure data and determine
the influence of temperature,
pressure and gases on materijals and
coating systems for hypersonic
structures.

The Sub-Element Acoustic Chamber
provides a progressive wave tube for
responge and fatigue testing of
structures up to 12" by 18" at
temperatures up to 2500 F and sound
pressure levels up to 180 dB
overall. A schematic of the chamber
is shown in Figure 6.

The high-intensity acoustic
environment is generated by four
Wyle WAS-3000 air modulators
connected by exponential horns to a
one-foot~square progressive wave
tube. The low-flux thermal
environment is provided by banks of
quartz lamps incorporated inside the
acoustic chamber, New mounting
systems have been designed to allow
modified lamps to survive the
acoustic environment in order to be
as close to the test specimens as
posdible. This technique eliminates

the large, expensive quartz window
used in previous high-temperature
acoustic test facilities. The
quartz lamps can provide input
fluxes of up to a Q@ of about 100 Btu
per sguare foot per second.

Higher heat tluxes can be achieved
by using graphite heaters or plasma
drc lamps, both of which have been
investigated. 1In addition, propane
burners were also investigated, but
were abandoned. Graphite heaters
have the potential for reaching a Q
of 200, and the plasma arc shows
promise of reaching up to a Q of
1000.

The Combined Environment Acoustic
Chamber is the third new capability
being developed. The chamber, shown
in Figure 7, was first ouperated in
July, 1993. It provides a high-
temperature acoustic progressive
wave tube for response and fatigue
testing of larger structural
components. The chamber is driven
by twelve WAS-3000 air modulators
supplied by two air compressors.

The chamber is designed to
accommodate twe test sections. The
four-foot section is designed fou
testing actively cooled structures
at temperatures up to 3000 F and
sound pressure leveles up to 180 dB.
The Bix-foot test section will be
added later, and is designed to
provide the capability for elevated
temperature testing of larger
structures at acoustic levels up to
175 dB. Low heat fluxes will be
achieved using quartz lamps, and
higher fluxes will be achieved with
plasma arc heaters.

The Jdevelopment of these new high-
temperature acoustic and vibration
test chambers will maintain the
Wright Laboratory at the forefront
of structural dynanics testing of
aircraft structures, making the
laboratory capable of testing
structures for all the critical
flight vehicle applications now
envisioned. This continues a long
history of leadership for the Wright
Laboratory in acoustic testing.
This leadership is illustrated in
Figure 8, which shows a summary ot
the historical trenda in high-
intensity acoustic testing.




The sound-pressure-level
capabilities of various test
organizations is shown over forty
years, in psi on the left scale and
in dB on the right scale. 1In this
figure, WL indicates the Wright
Laboratory, MDAC is McDcnnell
Aircraft Company, and IABG is the
German facility near Munich.

The psi scale shows how intense the
noise levels are in the new Wright
Laboratory test facilities. The
Combined Environment Acoustic
Chamber ie designed to achieve a
noise level of 180 dB, or nearly 3
psi, on the test specimen. If this
energy were concentrated into one
frequency of, say, 100 Hz, it would
correspond to a fluctuating load of
1700 pounds of force over a two-
foot-square test panel, reversing
from +1700 lbs to -1700 lbs one
hundred times per second. Such
levels show the intense accustic
environments that must be withstood
by modern flight structures.
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RANDOM FATIGUE TEST CHAMBER

PURPOSE:

Define Basic Fatigue Properties of Advanced
Materials at Severe Environments

CAPABILITIES:

e Temperature Range from Cryogenic (-250°F)
to High Temp. (2600°F)

e Vanable Pressuie from Vacuum (0.01 torr) to
Atmospheric (1000 torr)

e Partial Pressure Gas Environment: O,, N,, He
and 3% H,

e Shaker - 20000 Ib, Random, 24000 b, Sine
e Test Specimen- Up to 3“x7"

Figure S Kandom | atigue Chamber

HIGH TEMPERATURE ACOQUSTIC
SUBELEMENT TEST CHAMBER

ACOUSTIC PURPOSE
TERMINATION e DESIGN VERIFICATION FOR
T : COMBINED ENVIRONMENT TESTING
sgga& ) i o COMBINED ENVIRONMENT

! 1718
-‘ TEST PANEL
. )\m ACOUSTIC
MODULATOR  HORNS
ACOUSTIC
SOURCE

TESTING OF SMALL STRUCTURES

CAPABILITIES
e 180dB SPL

® 50 - 300 Btum'sec

e 12" x 18" PANEL, MAX

Figure 6 Sub-Element Acoustie Chamber
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COMBINED ENVIRONMENT ACOUSTIC CHAMBER

6’ TEST SECTION
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175dB SPL
3000°F
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3000°F
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MUFFLER

APPROACH VERIFIED IN PROTOTYPE
CHAMBER

SIMULATES SEVERE AEROACQUSTIC
& ENGINE ENVIRONMENTS

* UNIQUE CAPABILITY
& EXPLOITS NEW TECHNOLOGY
@ ABILITY TO TEST ACTIVELY COOLED

STRUCTURES

Figure 7 Combined Environmert Acoustic Chamber
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DESIGN AND OPERATION OF A THERMOACOUSTIC TEST FACILITY
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1. SURRARY

Aetothermal environments as encountered
during the missions of reusable spacecrafts,
hypersonic vehicles, advanced launchers etc.
are the major design driver for an advanced
Thermal Protection System (TPS) technology.
In developing such materials and structures
ground testing under sisulated operational
conditions is of eminent impo:rtance.

In order to meet these requitements IABG has
designed a thermoacoustic facility which vas
recently put into cperation. The faci.ity is
cnpabso to produce surface temperatures up to
1300 °C at sound pressure levels uf te 160
db. The design approach and operational as-
pects from test work petformed so far are
described.

3. INTRODUCTION

Apesrt fiom analytical methods such as TER-
calculstions ground test facilities are an
indespensidble toel fot the development of
Trs-hardvare (Rel 1,3). Though it is not
possible to simulate #ll the different eon-
vitonments to which TPS-systems may be ex-
posed during theic operational lite in only
one single fazility, it is stil} good prac-
tice to combine duch loadings which develop
stiohg interactions.

Intectaction exists betveen thetmal lcading
and vibroscoustic response in sc (as & the
stiflness and fatigue chacacleristics of TPS-
materials change with incresning tempetatu-
res. Such effects ate best investiqeted by
supecisental sesns.

Deperiding on the sission of the :ndividusl
vehicle aetothetmal envitonsents mey de of
diffecent natute. A qenetsl sutvey is o3
follows

ABFITHERRAL CMALLENGES

ASCENT PROPULSION SYSTEN

Rediated Nolse ses

fadiated Neat .

ASRODYNANIC RFPECTS

Ssparated Flows ses

Asrodynasic Nesting .
Cavlse ABRODYNANIC BFPECTS

Soundaty Layer Noiae e

Aetodynamic Hoating L1

REENTAY ARRODYNARIC RPPRCTSH
Soundacy L. Sepstated Fl. =°
Aecodynanic Neating LI L]

toe  Severe ss remachable ¢ moderate

3. PACILITY DESIGN

Aerothermal environments are composed of vi-
broacoustic and thermal loadings of varying
severi®y. In designing a test facility it is
essential that a wvide range of load combina-
tions becomes available. This can best be
achieved if the thermal and acoustic loads
are generated independent from each other.

The objective was to use excisting acoustic
facilities and combine them with an appro-
priste heating systea. Righ frequency pressu-
te fluctuations csused by propulsion noise,
boundary layers or separated flows can be re-
produced to a cecrtain extend by acoustic ex-
citation such as in reverbecation chambers o:
in progressive wvave tubes (PNT). These faci-
lities normally operate at room temperature
without & capability for elevated tempecatu-
res. Howover, tast configurations can be re-
alized which provide vary high temperature:
in the limited ares of the test article.

The selection of an appropriate heating sys-
tes is & cruciai point because of the te-
quited compatibility with the acoustic en-
vitonsent. A comparison between the often
:c:d Quarta laaps and & flame system is given
elov

QUARTZ LANPS FLANE SYSTENM
CONTROL GQoo ° RGDIIATQ
SURFACE TERMP. wmax. %60 ¢ » 1300 “¢
FATIGUR Lirg POOR NO PROBLERS
OPERATION ZAPENSLIVE CHEA?P

Rainly because of the higher sutlace tempera-
tures and the aimpler oversll design it was
decided to go Cnr the flame system.

rig. 1 shews an ncro{ ef nine durneta which
ate mounted on bsll plvots to aliov Individu-

al sdjustment. The Dburners are deiven with
Rethan (CI‘) and Oaygen (0%3 vhecteby each
te 1

burner has valves

sepatete conte

t19. 1 Artay of Burners

Presesiod at @ Ssmpostien on st of Acoust Lady oo Awcrgft Stewciwees” held i Lillcsmmer, Norway, May WY
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fig. 2 . Flame sgensors on top of each row
ontrol -orrect burning, in case of irtegula-
rities ' e relevant valves will shut down the
gas sup y. Spark plugs for each row allow
ignition so that the flame unit can be fully

remote controlled.

L T N Y Burners

this flame unit can
a8 followe:

Reverber . Ct anbet
SIIE TEST SXCT. 206 =} 0.4 51,2 w
CASPL at .1, san. 1% de am. 160 d»
TREQUENCY B, 100 W2-10 &Kz SO o2 -
NEAT FLUXR o8 100 Mrgec
SURPACR TENP. mex. 1300 ¢ wman. 1100

OASPL Overall Sound Pressucs [svel
AT Rooce Temperature

No 80dllicatlions vete necesnaty when instell-
Ing the fleme srster iAto the tevetberat.-n
thembes. Dus to the extensive Al fiow (iom
the nolse geneiators the tesperatuce L ceonse
inslde the fevesberstion chasbe: is vety o
derate. As the tlsee unit te placed v the

eiddle of the chaabe: the walls e1e .ot of-
fected Dy tRe heat.
The progressive vave tule, Noweve:, had 1o be

substantinily sodified. Suining
tes with & hest flun ol 100 M-gec ins.de o
PHT is only povsidle 1T the basit sttu ture
1a shiolded againet thia hest irgut.

¢ eounted into & tever-
betation chambet nt inetalled into & #WT; the
telovant deta of the :eaulting faci.ities e

P:09¢.Meve T,

10 e
nax. 100 I/a.c

“ig. 3 shows the cross section of the thermo
. oustic PWT. By inscrtion of an inner tunnel
made of stainless steel the basic structure
is protected against the heat. The duct which
is formed by these two elements is subdivided
into various channels. An air distribution
system feeds these channels with predetermin-
ol m flows to provide the necessary cooling.
The area around the test section which natur-
ally has the highest temperatures is intengi-
vely cooled by the highest mass flow whereas
the rear side with much lower temperatures
obtains only reduced cooling air. The total
cooling air is delivered by the same compres-
s0r which also fesds the noise generators.

“he flame heating system is wmounted into s
v ndow of the PWT so0 that the flames impinge
d:rectly on the test article which is just
op, >site. Fach burner can be adjusted indi-
vidually mo.that the total test section ot
0,8 x 1,2 »° is uniformally heated.

[
L )
-
[V ——
s, g
\oaes Yisanniy
o S Admmwipgn Hogme
iy Sysnr
By feanes
LR 2%
Pl 3 Legmaacaunt s ol

The (natrusentation =f the (acility consists
ot

Relotence Riccopmanes tcald gone!
Probe Riciophones (Mot zonel
Thetmocouples

Lager Yidiocwstec

TV-Comera

Tae tefotonce alccophones ace in-sted up-
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tone. Vot Resperalucres beyond 100

senso:ingy ol the dynamic pressu.cr
possidle.

cold and hot sones,

Teapetature seasutements ate

Rethod La considected nore reliable end ac-

cutate compated with radiation messutementy
because the lattec are heavily disturbed dy

the open tlasse.

gen be used in tempersture fielids up
te “00 “C, they allow ditect meavutemsents of
within _the Hhot
C digect

s Aot
ta such coeses the date from the
teforence miccophones heve to be scaled down
sctording to the change of fensity UCetween

taken vip
t“escmocouples which are directly spplied to
the exposed surface of the teat article. This




As far as the dynamic response of the test
article is concerred a laser vibrometer can
deliver complete mode patterns even under the
extrem conditions of flame heating. Direct
strain measurements, however, are not feasab-
le in such a hostile environaent.

For the purpose of overall control a TV-cam-
era is employed which checks not only the
correct flame burning but also provides in-
formation about possible desintegration of
the test article during the test,

Mounting of the test specimen into the ther-
moacoustic PWT needs a dedicated design. The
specimen shall be supported as for its in-
tended use and care should be taken to allow
for thermal expansion. If necessary the
mounting frame can be additionally cooled
with water.

4. OPERATIONAL ASPECTS

In order to iilustrate the operation of the
facilities two different tests which have
beer recently perforaed are described.

ARIANE § Tank Insulation

The Eutropean launcher ARIANE 5 presently irn
the final development stage is depicted in
rig. 4. The tank marked with an arrow con-
tains Helium and is covered with flexible in-
sulation material to protect it against the
heat radiated by the engine of the cryogenic
asin stage. The insulstion is equally erposed
to the high noise levels at lift-off and to
tutbulent flows at transonic speeds. In order
to varify thet the surface of the tank struce
tute will not Dbe sudbjected to tespecatures
above 80 "C 43 well a3 %0 qualily the inaula-
tion with cespect ta Lhe turbulent pressure
tield & thermoacoustic test was performed.

Fi1q. 4 ARIANE S-launcher

LIR]

One half of the tank structure partially co-
vered with a sample of the insulation materi-
al and the rest covered with ordinary fire
resistant cacpets was placed inside the re-
verberation chamber opposite the flame heat-
ing system (Fig. 5). Pour control microphones
were positioned around this test set-up,
their locations being well outside the hot
zone. In addition a probe microphone was in-
stalled for direct wmeasure of the dynamic
pressures on the sucface of the insulation
material inside the hot -one.

Fig. 5 Thermuagoustxc Test
ingide Hoverberation Chasboer

The readings ol these sicrophones ate $teo-
sented in Fig. 6. The upper patt containe the
spectes as sesduted under RT. Thete are cor-
tain diflecences in the frequencies up to

1S Wx end Dbeynnd 400 Mp, hovever, the
OASPL-velve is the seme fot the prode sicro-
phone aul the averspe out ol the fout control
nicrophones.

tovking st the lower past it is obvicus that
the spectta obtained duting the flase hesting
process difler substantislly. Wheress the
shape ol the avecaged control sicrephone
Spectius 18 not very such sllected. the probe
elctophons indicetes substantially lowvet nol-
se levels. Due o the lowetr density of the hot
88 sediua the gound pressuce levels oate
considecadly 1educed leading to an OASPL-
value whiLh s § 30 lovwer compated with AT,
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Fig. B Acoustic Speetrd

The tesperature culves &5 monitored by ther-
mocouples are displayed in Fig. Y. the te-
uicement vas to achieve 660 “C ¢n the sut-
ace cf the insulatior saterial over a period
ol fout minutes. The upper part shows that
this cequicesent was tvasdnably good fulfil-
led. The Jover patt gives Lhe temperotule tise
ol the tank ohorl {below the insulation). In

SIS

it pperin

Fig. 7 Temperature Curves

this case the temperature did not exceed 80 °c
as specificd.

TPS for Advanced Launcher

In the framework of a study spensored by
ESTEC (Ref 3} a multiwall TPS-panel was de-
veloped by DASA which was used as a candidate
for a thermoacoustic test. The TPS-panel is
considered to be taken from a reference vehi-
cle (Pig, 8), the arrow indicating the refer-
ence location.

rzoe Yenicle

Fra. @ 1PS5-Prael butlt anto Pl




Critical loadings occur during separation of
the two stages with 700 “C surface temperatu-
te and sound pressure levels up t> 1AS5 dB and
uring reentry of the uppar stage with 1000
C surface temperature and an OASPL « 140 dB.
With the objective to simulate these environ-
ments the multiwall panel was installed into
the thermoacoustic PWT according to Fig. 9.

Fig. 10 shows the facility with the burnecs
alighted, the test window, however, is still
open. In the next step the PWT will be Closed
and the airflow started. Temperature rise on
the panel surface will be observed until the
specified values are reached. Finally the
noise generators are activated over a prede-
termined time duration.

'

o dormers n Pl bong alpsphted
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Achr ovlsdqements

the development of the thermoscoustic feciii-
ty wes sponscted by the Bundesainister fus
ragachung und Technologie (BRFT! and the
peutache Agentut fUr Rsuatahct-Angelegen-
Rhelten (DARA) whichk i3 Mighiy eppteciated.
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NONLINEAR DYNAMIC RESPONSE OF AIRCRAFT
STRUCTURES TO ACOUSTIC EXCITATION

H.F. Wolfe
WL/FIBG Bldg 24C
2145 Fifth St Ste 2
Wright-Patterson Air Force Base, Ohio 45433-7006, USA

and

R.G. White
Institute of Sound and Vibration Research, University of Southampton
Southampton, SO9 SNH, UK

SUMMARY

Acoustic fatigue failure in acrospace structures
has been a concern for many years. New
prediction techniques are needed for the new
materials and structural concepts of interest
and higher sound pressure levels encountered.
The objective of this program of work is to
improve the fundamental understanding of the
nonlincar behavior of beams and plates
excited from low to high levels of excitation.
Experiments have been conducted utilizing a
clamped-clamped (C-C) beam statically tested
and shaker driven at increasing levels of
excitation. Similarly, C-C-C-C plates were
excited by a vibration shaker and in a
progressive wave tube. The total stra s and
the components, bending and axial and the
displacements were measured with increasing
levels ¢f axcitation. Bistable behavior was
observed with sinusoidal excitation for both
the beams and plates. The measured axial or
membrane strains were very low compared (o
te bending strains for high levels of
excitation. The beams randomly excited
exhibited a slight frequency shift and peak
broadening, which can be attributed to an
increased  sufifening  or hard  spring
nonlincarity. Tle plates randomly excited
exhibited a greater frequency shift ana peak
broadening than the beams. The dynamic
tests resulte in a nonlincar relationship
between the response  strains  and
displacements and the excitation levels. A
multimodal model is discussed o estimate the
mean square siress response due to high levels
of excitation.

INTRODUCTION

Acoustic fatigue problems with military
aircraft structures have continued to be
expensive to soive. Results of modifications
to older aircraft, changes in their usage to
accommodate new weapons and equipment,
extended usage and lifetimes have all had a
significant  cost  impact. Increased
performance  capabilities  also  result in
increased acoustic levels.  Aircraft designs
resulting in direct exhaust gas impingement on
structural components have caused increased
levels of excitaiton and high termal loads.
Flow separation and oscillating shock waves
cause very high fluctuaing pressure on the
structures.  Expose to aircraft structures and
equipment to these increasing higher noise
levels warrants the development of new
prediction methods.  Methods have been
developed over the years o predict and reduce
acoustic fatigue, but they have not kept pace
with increasing requirements.  In addition,
future structural confligurations with new
matenals and much higher stiffnecs.10-weight
ratios are evolving. A better understanding of
the nonlinear random vibrational response of
structures is needed to improve the prediction
of acoustic fatigue damage.

The objective of this study was 1o improve the
understanding of the nonlinear behavior of C-
C beams and plates exited to high levels of
vibration. The prediction of acroacoustic and
thermal loads and fatigue failure arc not
included. The focus was the development of
methods to predict the nonlinear response of
simple structures.

Presented ot @ Swmposiom on It of Acosstn Laady on Ay raft Sirmrmres’ held w Lallehommes, Norway, Mav 190
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BACKGROUND

Various design guides ior predicting the
acoustic fatigue life of metallic and some
composite plate-type structures using semi-
emperical mathematical expressions and
design nomographs have been developed (Ref
1). The predictions are based upon assuming
the fundamental mode as the controlling
parameter which simplified the analysis.
Miner's law and cumulative damage theory
and a range of experimental results from
various structures were utilized.  Design
guides were continued, such as those of the
Engineering Science Data Unit (ESDU) in
London, UK, and updated periodically for use
in the government and aerospace industry.
Some acousitc fatigue design characteristics
for composite materials have been developed
using the single-mode assumption, semi-
empirical formula established from a statistical
analysis of a range of experimental test data
(Ref 2). The importance of multi-modal
cffects was observed in tests invoiving higher
excitation levels (Ref 3). Although the above
methods include nonlinear effects up to the
limits of the test facilities used, there is a
growing interest in higher sound pressure
levels and anisotiopic materials.

A series of experimental investigations were
conducted wusing beams and plates to
understand the nonlinear dynamic behavior.
Clamped aluminum alloy and carbon fiber
reinforeced plastic (CFRP) beams, pinned
beams, and clamped plates were investigated.
Linear mode shapes and nonlinear
displacement shapes were studied.  The
response due to random excitation was
investigated. For forced vibration studies of
beams, electromagoetic coils and annular
permanent magnets were used. For the plate
studics, a large vibration shaker and acoustic
progressive wave tubes (APWT) were used.
More details can be found in References 4 and
h3

Both C-C beams exhibited a slight frequency
shift and peak broadening. Bistable response
(ump phenomena) was oblained with
sinusoidal excitation of both types of

materials. This occurred when the excitation
amplitute was constant ana the frequency was
swept upward or downward around the
fundammental resonant frequancy and when
the frequency was constant and the amplitude
was increased or decreased. The total strains
and the components, bending and axial and
the displacements were measured with
increasing levels of excitation. The measured
axial or membrane strains were very low
compared to the bending strains for high
levels of excitation. The axial fundamental
frequency response was twice that of the
bending mode and always positive. Both
beams randomly excited exhibited a slight
frequency shift and peak broadening, which
can be attributed to an increased stiffening or
hard spring nonlinearity.

The static strain response of both CFRP
beams did not exhibit a nonlinear response as
great as the dypamic case with sinusoidal and
random excitations.

For high level acoustical excitation of a C-C-
C-C plate, the modal frequencies were less
pronounced than for low level excitation.
Higher modes than the fundamental
contributed  significantly to the overall
induced resnonse. Multimodal effects become
more significant at high levels of excitation.

Modal analysis theory is generally based upon
linear assumptions where mode shapes are
amplitude independent and occur at 3 single
frequency.  In the nonlincar case, the
displacement shapes and natural frequencies
are dependent upon the boundary conditions,
the level of the excitation furce and the initial
conditions.

The study of structural mode shapes has
grown considerably over recent  ycears.
Development in instruments, computers and
testing techniques have resulted in detailed
data describing structural response. Nonlinear
displacement shapes  have been  obtained
cxpenmentally tor three beam configurations
which were sinusoidally excited (Ref 6).
Scanning laser vibrometers were utilized to
measure the surface velocities which were




integrated to yield displacements. Various
curve fitting methods were used to smooth the
displacement data and provide a mathematical
function representing the deflected shapes.
The axial strain can be obtained from the
clongation obtained from displacement
function. The bending strain can be obtained
from the second derivative of the function.
Three beam cases were analvzed which
showed close agreement with strain gauge
measurements. Accuracy of the vibrometer
method was dependent upon the curve
smoothing process used. The linear classical
solutions of the equations of motion were not
accurate functions to describe the nonlinear
displacement  shapes. These  cquations
included the summation of sine, cosine,
hyperbolic sine and hyperbolic cosine terms.
Fourth order polynominals were more accurate
for the clamped beam case. A Gaussian
function was more accurate for the pinned
beam case.

THEORETICAL CONSIDERATIONS

Acoustic fatigue life prediction methods
gencrally include predicting the acoustic loads,
estimating the vibrational stress response of
the structure and predicting the life from stress
versus cycles to failure curves for the matenial
and fastener configuration. As the acoustic
load increases, the stress response becomes
more nonlincar and very difficult to predict.

The theory of nonlinear random vibration has
not reached a state of maturity. Alihough
many methods of solution exist, there can be
no general rule about the suitability of any
method for a particular nonlinear system (Ref
7). Most theones for the dynamic response
of beams and plates for geometric
nonlinearities were based upon the Duffing
equation of equations of motion with some
nonlincar stiffness terms or term.  Among the
most widely used are the Fokk:r-Planck
equation solutions, perturbation methods,
equivalent stochastic lincanization, stochastic
averaging. cumulant-neglect closure, energy
dissipation balancing and the time domain
Moute Carlo approach (Ref 8). Two types of
excitation arc usually considered: deterministic
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and random excitation.  The nonlinear
deterministic or sinusoidal cases results in a
jump phenomenon. The random excitation
case usually results in stochastic chaos.

The identification of mathematical models to
represent dynamic systems in general has
attracted considerable attention in recent years.
Identification of nonlinear systems ranges
from methods simply to detect the presence or
type of a nonlinear to those which seek to
quantify the behavior via some mathematical
models.

Benamar, White and Brennouna studied the
effect of large amplitudes on the fundamental
mode shapes of fully clamped plates. They
studied  aluminum alloy plates  both
expenimentally and  theoretically  which
resulted in a high degree of geometrical
nonlincarity. This was attributed to high in-
plane  stiffnesses, inducing a  higher
contribution of the axial strain energy 1o the
total strain energy au large displacement
amplitudes. Even higher nonlinearities were
obtained with composite plates.

Mei formulated the displacement and stress
relationships for C-C pluaes based upon
cquivalent linearization methuds (Ref 10). By
including the in-plane stretching effect in the
bending fonnulation, the nonlinear deflections
and stresses were found to be much less than
lincar theory at the higher levels of excitation.
The total strain at the surface 15 based upon
the sum of the bending and axial strain.
Small deflection linear bending theory neglects
the strain in the mid plane. In cases where
the deflections are small in companson with
the thickness of the plate. lincar bending
theory is usually adequate (Ref 11).  For
higher load values, the rate of increase of the
defection with increasing load decreases due
to the increased resistance by the iensile
forces in the midplane of the plate.

It has been useful to study vanous nronlinear
beam and plate theones.  Although practical
boundary conditions differ from those
genenally considered in theory, they provide a
range of solutions which are useful in

e —
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estimating the response of practical structures.

A form of the maximum mean square stress in
a plate acoustically excited (Ref 1) may be
expressed as:

a? () ~;"; £, G(f) o

where G is the static stress, G, ( f,) is sound
power spectral density, f, is resonant
frequency, { is damping ratio, and t is time.
This equation uses only the first mode
response and assumes that the static and
dynamic deflected shapes are identical and
that the acoustic pressures is in phase over the
whole panel. The first, third and fifth
vibration modes seemed to be the predominate
modes found from the results of the acoustic
progressive wave tube test of plates.
Assuming the first, third and fifth modes are
the major contributing sources of response, an
extimate of the total mean square stress may
be expressed as:

s, Q‘-l!.on-t-«;}-.l.om-lw 5;.4%»-:

where A is a coefficient and A, + A, + A, =
100%. The static pressure assumption for the
first mode is dependent upon the length, width
and thickness of the plate.  Further
approximating the third and fifth modes as
one third the length and one fifth the Jength
would produce an estimate of their modal
contnbution. The cntical part is determining
the contributions of the higher order vibration
modes with the coefficients A,. A, and A,
These can be estimated from the normalized
integration of the strain spectral densities as
discussed in the experimental section of this

paper.

Base excited shaker testing of clamped plates
provides a convenient method of studying the
geometnc nonlinear response since it provides
response transfer functions from well defined
forcing functions. Modal coupling and the
transfer of energy from one mode 10 another
are imponant aspects to modeling the forced

vibration plate response due to high levels of
excitation.

Two types of materials were selected for
testing: aluminum alloy 7075-T6 and carbon
fiber reinforced plastics (CFRP) Hercules
AS4/3501-6 unidirectional prepreg with AS4
fibers in a 3501-6 matrix {0°/245°/90%)s. The
unclamped size was 260 x 210 x 1.30 mm for
the aluminum plate and 260 x 210 x 1.09 for
the CFRP plate. The vibration shaker testing
arrangement is shown in Fig 1 with the CFRP
plate in the aluminum alloy clamping frame
used for both plates. The frame was bolted to
the shaker head. The shaker head was rotated
to the vertical position to obtain a horizontal
excitation force. This method was selected to
prevent the mass of the panel from effecting
the displacements and the strains measured.
Strain gauges were bonded back-to-back to
measure total, axial and bending strains as
shown in Fig 2. Displacements were
measured with a laser scanning vibrometer.

The linear frequencies of the aluminum alloy
plate used in the shaker experiments were
determined by exciting the plate sinusoidally
with an acoustic driver. The madal frequencies
found with the aluminum ailoy plate were 230
Hz for the fint mode, 365 and 485 Ha for
the second modes and 618 and 864 Hz for the
third modes.

Sine dwell aluminum alloy plate tests were
conducted near the fundamental frequencies
sclected by sweeping slowly from below the
fundamental frequency to a point just before
the amplitude jumps down 10 a low level.
The jump phenomenum was observed when
the fundamental frequency increased from
2289 o 2459 Hz a shown in Figs 3
indicating a hardspring nenhincanty.

Random rexponse tests were conducted with a
spectrum controller programmed for a flat
spectrum shape from 1C-1000 Hz. Examples
of the excitation spectral densities are shown
in Fig 4.  This frequency band included
combinations of the first through the third
modes. The strain responses are shown in Fig
S for the five strain guuge locations and the




displacements at the center of the plate. The
highest strain measured was located at the
center of the longer side of plate near the
clamping frame, strain gauge location 2. The
total, axial and bending strains measured for
strain gauges locations 2 and 7 are shown in
Fig 6. The axial strain was 4.56% of the total
strain. The relationship between the total
strains at five locations and displacement is
shown ir Fig 7. This relationship is nonlinear
at small displacements. The total strain
spectral densities are shown in Fig R for
location 2. Large strain responses occured
around 220, 670 and 900 Hz with peak
broadening and shifting to higher frequencies
which is indicative of geometrical
nonlinearities. The strain spectral densities for
total, axial and bending at low levels and high
levels of excitation are shown in Figs 9 and
10. The axial or inplane stretching effect
occurs at twice the bending resonant
frequencies. Over most of the frequency band
the bending and total strain spectral densities
were about equal except at the high level.
The axial strain response was higher than the
bending around 460 Hz. This results in a
higher total strain response arcund the axial
fundamental mode. The displacement speciral
densites are shown in Fig 11, which are
similar to the total strain spectral densities
except for the relative ampliudes of the
higher order modes. One indication of the
modal contribution of the strain response can
be obtained by integrating mathematically the
strain spectral densities and normalizing. An
example of this is shown in Fig 12 for the
total strain at location 2, where the
fundamental mode contributes about 2% of
the total frequency response.

The linear modal freg.encies of the CFRP
plate were also determined by sinusoidally
exciting the plate acoustically. The modal
frequencies found were 139 Hz for the first
mode, 147 and 374 Hz for the second modes
and 223 and 865 Hz for the third modes.

Sinc dwell CFRP plate tests were conducted
similar to the aluminum alloy plaic¢ tests. The
jump phenomenuin was observed when the
fundamental frequency increased from 147.5

95

Hz to 188.7 Hz as shown in Fig 13, which
were about 24% lower in frequency than the
aluminum plate.

The strain responses are shown in Fig 14 for
the random excitation case of the CFRP plate.
Very similar overall strain responses to the
aluminum case were obtained. The total, axial
and bending strains mecasured for strain
locations 2 and 7 are shown in Fig 15. The
axial strain was 7.47% of the total strain,
almost twice that of the aluminum case. The
strain and displacement relationships are
shown in Fig 16 which are similar to the
aluminum case. The total strain spectral
densities are shown in Fig 17. Large strain
responses occured around 200, 400 and 900
Hz. The strain spectral densites for total,
axial and bending at the low level and high
levels of excitation are shown in Figs 18 and
19. The displacement spectral densities are
shown in Fig 20, which appear to have more
modes than the aluminum case.  The
integration of the strain spectral densities are
shown in Fig 21. The fundamental mode
contributes 1o about 92% of the total
frequency response, which was higher than the
aluminum case.

Some trends observed i the linear mode
shape analysis of the types of plates were
nated. The fundamental modal frequency was
conziderably higher in the aluminum case.
This can be attributed to the higher mass
density and greater thickness than the CERP
panel. The results of the second, third and
fourth modes were unclear, primanly due to
the modal coupling. The frequency response
was very sensitive 1o small changes in
boundary conditions, temperature, geometry,
and matenal propenies.

Somc trends observed in the nonlincar mode
shape analysis of the two types i -dates
excited sinwsoidally were noted. The range of
frequency response was much higher for the
CFRP plate than the aluminum plate for the
same range of displacements. The CFRP plate
exhibited a greater hard spring nonlincanty.
Much greater excitation was nceded for the
CFRP plate which can be attnbuted to the
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smaller mass due to a smaller thickness.

Some trends observed in the nonlinear random
response of the two types of plates excited
were noted. The overall ms strain response
levels and displacements were quite similiar
with the two plates which have quite different
thickness and densities. Major differences
were noted in the levels of the axial strains.
The aluminum plate were much lower than the
CFRP plate. The strain and displacement
relationship were quite similar. The spectral
content from the strain spectral densities was
different. The CFRP plate exhibited more
modes and more peak broadening as the
excitation level increased than the aluminum
plate. This was also the case for the
displacement spectral densities. The integrals
of the strain spectral densities exhibited less
contribution from the first mode for the
aluminum case than the CFRP case. The
higher modes for the CFRP case were more
smeared with no well defined step beyond the
fundamental mode.

CONCLUSIONS

1. A comparison between the aluminum
alloy plate  sinusoidal response around
response around the fundamental modal and
that of the CFRP plate indicated a greater hard
spring nonlinearity in the CFRP plate. The
nonlinear displacement shapes extended over
a greater frequency range than the CFRP
plate.

2. The CFRP plate randomly excited
exhibited a greater number of modal response
frequencies and more peak broadening than
that exhibited by the aluminum alloy plate.
The fundamental nonlinear modal response of
the CFRP plate contributed more heavily o
the overall response spectrum than the
aluminum plate.

3 The contribution of higher order modes
of plate response is greater as the level of
excitation increased.  These should be
considered in future prediction models.
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Abstract

The problem of the response of a panel belunging 1o
a space stracture or to a lanncher is considered. By
using modal approach in the frequency domain, the
strueture is desceribed throngh a finite element model,
and the acoustic field throngh Green's funclion. The
presence of the air i= considered, and it leads to (he
addition to the mase matrix and to the damping ma-
trix of the relevant terms. The transfer function is
then applicd to the case of random inputs, or which
an analytical expression is provided. Some numerical
examples show the effect of the additional terms on the
spectral distribntion and on the relevant RMS value.

List of symbols

Ayt acoustic wavelength

Ap: transversal bending wavelength

w: frequency dummy variable

0% diagousl matrix of the squared cigrnvahies
q{w): generalized coordinales veetor

Q: cigenvector malrix

Ma{w): equivalent air mass

Culw): radiation damping

H{w): complex frequency response

Sii{w): aceeleration PSD

Srl{w): PSD of the generalized acoustic input
Sp(w): PSD of the far field acoustic input,
J?(w): cross-joint acceplance malrix

o air density

o {Fy, Ty w): reverherant field correlation matrix
e speed of sound

Y Fourier Transform of ¥

v*: complex conjugate of o

Sy radiating surface

1 - Introduction

Modern Lrend of space and lannehers struetures
shows an inereasing evolution Lowards Tighlweight,
Iarge arca surfaces, This circumstanee, assoeialed
with the bromdband frequency envirconment. of space
structures, makes it necessary lo:

"Dipartimente Aerospaziale, Universith di Rema
? Menin Spazio SpA, Remn

(i) eontral the randon vibeations level produced
hy the acoustic environment on the stroe-
tural units installed on the outer parls (e.g.,
external penels and/or large flexible appen-
dages, such as, Ti., antennas on a satellite);

(i1) predict with suflicient aceuracy the dynamic
hehaviour of such structures under the ac-
tion of difliuse sound fields;

T'wo basic approaches are generally used in this
arca, tlepending on the frequency domain o be
considered.  For high frequencies, the so called
SEA (Statististical Energy Approach) is used [1],
which provides global information on Lhe quanti-
ties of interest (frequencies bandwidth averages)
and 1s valid for high modal density only.  This
method is generally nol sufliciently aceurate for
medium/low frequencies. At low lrequencies the
structure can be accurately represented through
its normal-modes, and the in-vacnum response is
caleulated via the classical modal approach. The'
fluid, on the ather hand, can be modelled by using
BEM (Boundary Elements Method) techniques,
mainly in presence of complex stenclures and acous-
lieal cavities. For extended flal configurations the
model can be simplified as Green’s function, an-
alytically known and available for the case under
concern. .

The structural model must’ take into account
the need for an accurate modal basis up to 2000
iz, and it must be suitable for Green's function
determination.  Special attention must he (and
wn=) paid to the size of Lthe elements and to the
boundary conditions in order to obtain sufliciently
representative modes at high frequencies too, The
response of the structure is thus calculated con-
sidering a random pressure ficld with correfation
given by cohercuce functions valid in a reverber-
ant environment,,

As said, the effect of the air is simulated through
Green’s funelion in free space for the caleulation
of the radiated sound field (Tlehnholtz Fanation).
This simlation has provided resulls which are in
goad ageeement with similar results taken from the
current literature, (2], {3].

Presented at a Symposium on ‘Impact of Acoustic Loads on Aircraft Structures’ held in Lillehammer, Norway, May 1994,
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The reasons for the choices as deseribed above
are essenbially of o practical kind; they are ained
to ohtaining an eflicient method, minimizing com-
puting thme, and taking advantage from FEM mod-
els already nsed during the development of the de-
sign phase,

2 - Modal superposition appro-
ach

Using the modal superposition approach, as
well known, the equation of dynamie equilibrium
for a discretized system with N degrees of freedom

reacs:

M3# 4+ Ci + Re = F(1) )

witl: # = stale veclor, and M, (7, R = mass, damp-
ing and st matrices respectively. By introducing
the modal matrix @ and the vector of modal am-
plitudes q(#), and taking Fourier ‘s transform of
(1}, we have the equation of (he struclure in the
frequency domain:

(—w?l “+ JeC+ 27w = QTF (W) (2)

In order to take inlo account the presence of
air, Lhe acoustic field is expressed as the sum of
two terms: the {irst is the pressure that would ex-
ist if the struclure were replaced by a rigid body
{field pressure pp): the second term is the pres-
sure irradiated by the vibrating flexible struciure
i Lhe absence of an external aconstic sonree (ra-
dialed pressare pp) {4, [5]. So we can write:

QTFW) = ~Q"5p) + Q"Fplw)  (3)

3 - Relevant acoustic princi-
ples

Starting from Helmholtz" equation [5], [6]:

R rkp=0 (1)

w . -
(where k = = wave number), and using Green’s

funetion hetween points R and Rg:

cFklI=Tt]

!I(|’f—'?n|)=—m (5
one ohtaing Helimhollz inlegral equation:
g e .
PRy =~ | (p== + ping)dSp (6)
S8, €

For sonie special configurations of the source
the component, associated with the surface inte-
gral disappears, and an explicit expression {or the
pressure ficld in terms of a given surface accelera:
lion is obtained as:

A= p [ gl wbiRdS; (D
Sa

For an infinite flal surface this can be written:

R Ry s

) =2 " —— (1S ]

i) = 2p [ i) sy )
The shove expression gives a good estimate

also for vibrating surfaces sufliciently wide as com-

pared witl acouslic wavelengths, (except, of course,

near the edges).

4 - Complex frequency response

The complex frequeney response is calculated
considering the presence of the air as simulated by
an equivalent, additional mass and by an equiva-
lent damping Lo be added to mechanical structural
damping [4].

For a discretized flat structure in the frequency
domain the radiated pressure al.a specific point. r,,,

reads:

N K mn
]7N(-"Mvw) = '2/""42 Z A,,ﬁ,, %;T-‘/\yl (0)

n=l




where 8, = Ziv:, Qns9:{w), Ay is the element sur-
roundig 7, and the integeal appearing in Eq.(8)
has been replaced by the corresponding summa-
tion with weights A, and the summation is ex-
tended over all the points P, into which the system
has been diseretized.

Insertion of the above expression into the equa-
tion of motion (2) yields:

[~w({ + My (W) + Juw(C + Caw)) + Q)7 = QS
(10}

where:

Ma(w) = 20QrGrQ

Colw) = =2pQ G4 Q
cos krmn
(("R)m.n = Am /lv)T"—m_‘
Tlmn
Sin krmn

(("I )m,u = Am An
47T

and A, and A, are the surface clements relevant.
to the points r,, and »ry, respectively.

As s seen, and as said above, the effect of the
air is that of an added mass (A 4) and of an added
damping (Cy).

The frequency response (or, hetter, the trans-
fer funetion of the structure) is therefore:

H(w) = W[~ (T4+Ma(w)) = 2jw(C+Cq(w))+03)
(i)

It should he noticed that the matrices M, (w).Ca(w)
are not diagonal. as can be scen fram the above
definition. . However, ofl-diagonal terms are gen-
erally very small. and they have heen negleeted.

5 - Randon inputs

Randoin acoustic inputs {stationary ergodie)
mduee stochastic vibrations in the structure. Such
mpits anelude lowds arising from jet and rocket.
prropudsion events. baffeting, ete, present mainly
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at take ofl. The response of the structure is there-
fore essentially of a statistical nature: f.i., for the

acceleration PSD (Power Spectral Density) we have:

Su(w) = QU(w)SL(W)YH (W)Qr (12)
and for the acceleration RMS:
1 e

apms =\ Si(w)dw (13)
2 S

In the foregoing equations, Sy, is the PSD of .

the generalized input, given by:

Qr 7!i~n)° %v(w)p‘(u)(}
Sl’(“’)QT"(-’"m: Tn, W)Q
Sp(w)) ¥ (w)

Sp(w)

(14)

Here Sp denotes the PSD in the far field of
the input pressure; & stands for the coherence ma-
trix of the excitation (it measures the correlation

between the input pressure, as measured at the

vatious points of the field): J3(w) is the cross-joint
aceeptance, Le., the part of the energy that cacl
of the modes can extract from the acoustic field.
Many publications {2], [9], confirm that the
firing of a missile has a reverberant acoustie Le-
haviour in the whole frequency domain, so that
we considered it as a diffuse pressure field, typical
of reverberant rooms where {7}, [8]:
Sit kT,

”(-Trrnirn‘w): k7'
mn

Fig.1 Reverberant field corrclation
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As an example, Fig. 2 provides a typical acous-
tic spectrum for the firing of Ariane 4. The spec-
tral density of the input is shown in Tab.1.

6 - Illustrative examples

Hinstrative tests were worked out for a rect-

o angular honeycomb aluminum plate with flexural
& i support and torsional restraint. The data are re-
_ T ported in Tab.2.
=
N - 1 J
-1 RENjI
1 Honeycomb type 3/16 5052 Q07
I Skin thickness 02105 m
Honeycomb height 2510-m
| Panel lenght 2m
Panel width 2m
- I
Tub.2 Data for illustrative example
The finite clenient model ronsists of 1200 elements
Ol (CQUADA, CHEXAR), 882 grids, consistent mass
i —— —— ra—— option, all D.O.F. retained and the modes up 1o
P He

INTEGRATED LEVEL 142 dB
Ref.0dB = 2x103Pa

Fig.2 Acoustic spectrum at firing for Ariane 4
(from Ariancspace, 1983)

LETRY RN It e 1Al ey

CovavaiMas

e 2204
Y AN .. R P
ten [RUW] 172.0
240 19 _ 206.4
i N P Y . 201,
R SRR S F2F S i RETE

2000 112y

Tah.l Acoustic input data for Ariane 4
(from Arisuespace, 1083)

1000 Hz were computed; this limit was chosen as
the region where the intensity of the acoustic field
is most. intense, so as to reduce computing time as
much as possible.

The mesh was chosen in such a way as to be -

consistent with the following requirements:
(i) to have representative modes up to 1000 Hz;

(1) to have sufficiently small elements, so as to
obtain high correlation values for the acous-
tic input.

(3i) in order to validate the 3-D finite element
approach, a siniplified analytical model was
used, i.e., a simply supported rectangular
plate including shear deformation and rotary
incrtia effects. Tab. 3 provides the relevant
comparisons up to 800 Hz.

(iv

—

out-of-plate modes, associate with the finjte
rigidity of the structure normal to its plane,
have no special interest. for the work under
concern, on account of their very high fre-
quency,




[P R —— .
Analitical model Numerical modc!
343 M4
834 (1K
A4 [
A5 386
69.3 [ZK
691 7Y
130 06
10 06
348 xS 8
845 885
K7 2.t
o ERN]
AL 3
I 100X
3128 s .
41%6 30y
X 4199
3EK] 3743
1781 4731
822.4 3193
38313 siv 1
5831 601
5991 4974
EILE LK)
T Teun 67§
634 0 647 8
659 ¢ 657 4
6349 659 4
7190 22
7140 n2
7918 1926
IR 792 1

Tahd Comparisons of the rigenfroquences of the

analytical and nnumeoriral moelel

This has given rise to the following limitation:
(v) 1\-2‘ < grid < %ﬁ

Structural damping is assumed constant, and
equal to N2

Several configurations were analyzed in order
Lo evaluale the influence of the surrounding air,
of the mass and stiffness distribution, and of the
variation of the acoustic input.,

Fig.4 deseribes the variation of the first. six di-
agonal elements of the matrix M, (w); Fig.h shows
the analogons values for the matrix Cy(w). Fig6
illustrates some gquantities for other cases.

g3 illustrates the geid used in the analysis.
The following results are relevant. to the points 111,
221, 325, shown in the same figure.

The effect. of the air is obtained through com.
parison of Fig.7 vs. Iig.R, both providing speetral
variation ve. frequency. We see that, at east for
the case under concern, the change is for a fartor
of several unities (H or more).

The same dingrams are shown in Figs.®, 10 fir
a panel having the same stiffuess, but with a don-
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ble structural mass. We see thai the effect of the
air is smaller, as it is natnral,

Several other cases were worked out, that can-
nol. be reported here for sake of brevity. From a
thorough examination of the relevant results some
general remarks can be made,

The presence of air caused reducetion in the
cigenfrequencies of the structure up o 156%; this is
due 1o an increase of the mass matrix of the order
of 10-30% and to an additional damping almost
cqual to the structural one.

The air mass participanting in the motion is
little influeneed by stiffness, whereas it decreasing
with increasing structural mass, and with increas-
ing frequency. Alsa radiation damping is strongly
allreted by the gienetural mass; it becomes partie-
ularly active at. medinn/high frequencies,

From a response viewpaoint, consideration of
the presence of air reduces aceeleration peaks in
PSI) diagrams, so they are moved towards lower
frequencies. On acconnt of the different. feature
of the modal shapes, the response at the various
points is dilferent: this can be used for equipments
positioning.

Finally, varintions in sfiffness allows modifi-
eations in structural frequencies, with a possible
movement of PSD peaks to regions where inpnt is
lrse severe,
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Fig-3 Grid nend in the analysis
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7.

(i)

(ii)

(1)

(iv)

Conclusions

The behaviour of very light structures for
space applications can be analyzed with good
accuracy with the method presented in this
paper.

Obtained results show the importance of the
presetice of air; neglecting it may lead to an
overestimation of the response,

Numerical simulations have provided results
in good agreement with the experimental re-
sults.

Limitations of the method arise from:

(a} at very low frequencies the size of the
panel is of the order of magnitude of the
acoustic load, and the panel cannot be
considered as ‘haflled’;

{b) at high frequencies loeal deformations
arise that cannot be deseribed by finite

element technigues;

—

for the aconstie madehing a highly fine
miesh is necessary.

Y
~
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PREDICTION OF FLUCTUATING PRESSURE AND POWER SPECTRA
IN ATTACHED AND SEPARATED COMPRESSIBLE FLOW
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UNITED STATES
u,v velocity in stream and normal
SUMMARY directions
v charactenistic velocity
A brief review is presented of work by the authors to Xy coordinate distance in stream and

provide an engineering prediction technique for
power intensity (rms fluctuating pressure) and power
spectral deasity (PSD) for attached and separated
compressible flow.  The review process also
considers recent shock/turbulent boundary layer
interaction work conducted at the Universisy of Texas
at Mach 5. [t is shown that prediction techniques are
hampered as the resuit of the requirement to know
parameters of flow interactions a prion; in particular,
the choice of charactenistic length and velocity scales.
A tochnique is preseated, based on the Houbolt
spectra  assymption, that appears to  provide
eagineenng solutions to the design resolution of
complex flow problems. The method is based on a

first moment type of PSD lf.o(f)/(f’m)ll that has &
fixed value for attached and separated flows,
Moreover, when applying the concept with the
Houbolt spectra, an excellent companson 1s shown to
PSD daa for shock/turbuleat boundary layer
interactions,

List of Symbols

F, transformation function, Eq. (7)
fw frequency

h enthalpy

K parameter, Eq. (2)

k' parameter, Eqs. (2) and (4)

L, wternuttent region leagth

M Mach number

P, local boundary-layer static pressure
~

rms fluctuating pressure
dynamic pressure, (v/2)PM?
turbulent recovery factor. 0.896

q‘;
-

spanwise direction respectively

a shock generator angle

a, nviscid oblique shock

d, separation Line angle

Y rtio of specific heats, 1.4 tor mie

r Intermttency

3 boundary-layer displacement
thickness

A compression ramp swept angle

¢ parameter defined 1n Eq. (15)

¢ correction to swept shock, Eq. (9)

] shock angle based on swept shovk/

boundary -layer interaction, Eq. (9)
&{w). ¥ power spectral denuty

Subscripts

aw adiabatic wal!

¢ compressible conditions ur swept
comer angle

¢ evalualed st edge of boundary layer

1 incompressible conditions

s reference (o calculated inviscid shock
posiion

w wall

| approach flow upstream ol
interaction

[ ¥

shock/boundary -layer interacticn
region. peak. platcau

x® freestream conditions
Supenicript
. reference temperature condition

Presested at a Ssmpovio on ot o Acosanie Lasads on Avrcraft Stewctres” held in Lillchammer, Norvan, May 19
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INTRODUCTION

The ability to predict fluctuating pressure and power
spectra in supersonic/hypersonic turbulent boundary
layer flow has relied on ad-hoc techniques developed
from a database genecrated on planar, two-
dimensional, or axisymmetric shapes. Experiments
have led the way to investigate the phenomena due to
restrictive assumptions and limitations in analysis.
The algorithms developed to date are generally for
artached turbuleat boundary layer flow where a
reasonable database exists for supersonic/hypersonic
flow conditions. Moreover, the configurations from
which this database has been generated consist of
ngid structures (strategic/tactical weapon systems)
which are capable to reacting to high pressure and the
low and high resonant frequencies associated with
these loads. However, future space transportation
will require coanfigurations that feature control
surfaces as well as ramps and inlets required for an
airbreathing propulsion system where the engine is an
integral part of the airframe. These siructures will
require large areas of flat panels which are generally
less efficient to pressure loads and low resonant
frequencies due to reduced stiffness.  Furthermore
these lifting body configurations will feature complex
3D flow associated with the control surfaces as weil
as a multitude of shock/boundary layer interactions s
well as shock-on-shock problems that can have @
significant 1mpact oa the dynamic and strength
charactenistics of the vehicles structure. Finally, the
mizsion profile for these types of systems will be
more demanding than that expenenced by modern
fighter wircraft or ballistic and mancuvenng weapon
systems  from which the current datsbase and
predicion techniques were developed.  Figure |
shows a typical hypenionic coafiguration featunng 3D
non<cincular  cross-sectioas  with mmps,  control
surfaces, md regions where shovk/boundary and
shovk-on-shock watersctions can oceur.

The objective of this paper 13 to provile a bnel
review of work developed by the authors o predict
the unsteady flow bhehavior of flwctuating presure
assntated with attached and separsted turhulent tlow
voaditions.  The review will alw fiwur on work
genented 1 the pasl several Yeans on flow
interasctions  (separsied  flow). Three cxcellent
reviews of the subject matter are provided by
Laganelli and Wolle (Rel. 1), Dothing (Ref. 2), and
Laganclli ot al (Ref. 3). In Reference 1. both
attached and separuted flow results are discussed.

Fluctuating pressure and power spectra are described
for zero pressure gradient flow on smooth and rough
surfaces, while the non-attached flow results were
developed using approach flow conditions that were
subsequently augmented using oblique shock
relations. Reference 2 provides a tutorial and update
on fluctuating loads in shock wave/turbulent boundary
layer interactions. This excellent review focused on
the experimenta! work which has been limited to the
supersonic fiow regime (M, < 5). Fluctuating wall
pressure interaction expenments (Ref. 4) were
conducted st M > 5 but have not been published (to
our knowledge). The data reported in Reference 2
consist of interactions generated by unswept or swept
compression ramps, forward facing steps, flares,
sharp and blunt fins, cylinders, and by impinging
shocks. Moreover, the experimental results were
pnmanly obtained at Mach 3 (senes of expeniments
at the University of Princeton) and Mach S (sertes of
expeniments generated at the University of Texas).
The emphasis of this work was concerned with the
quantification of the etfects of the dynamic and
unsteady separation of the interaction, tn particular
the intermittent regions whe o the separation shock
foot trunslates. In order to sccommodate this
research, strong shock generating angics were
required that aro not practical for hypersonic efficient
serodynamic structures.

As noted in Figure 1, interactions can occur along the
intersections of control aurfaces (honzontal/vertical
stabilizers, strake/body), inlets (comer flow), and
shock impingement (bow  shovk o cowl  hip,
stabilizers, or inlet) on vanous surfaces. Moreover,
the flcw lesding into the inlet along the ramp can be
both visad and savisaid e, vanable Mach number.
No fluctuating datsbase ctists for these type of
intersctions thereby roquinng the designer to use
engineenng Judgement or heurtatic techniques that are
often very conservative and van result 1n ugmficant
weight peaalties. This is further emphasized 1n the
combustor regwon which cin have o dramatic impact
on the structure and subsequent weight peaaltices.
Problems axuniated with the latter vonditiona are
discursed 1n Referenver 3 and 6

Laganelli et al (Ref. 3) attempted o addreas the
above 1ntersctivn regions where no databane exists.
A type of Reynolds analogy wax introduced where

Q. a 7, sod coupled wath the scoustic ml‘mw)\xpf’




a7, such that ¢, o 7, a P. In this manner a
significant database could be diawn upon involving
heat transfer in shock wave/turbulent boundary layer
interactions. For this situation, augmentation factors
were approximated between peak rms pressure and
peak heating using the M < 5 2D/3D database and
subsequently applied to the more extensive heat
transfer database for M > 5.

It is further noted that experiments were conducted
by Laganelli et al (Ref. 7) and Laganelli (Ref. 8) on
a cone/slice/flap configuration and bi-cone/slice/flap
configuration, respectively at Mach numbers of 4, 8,
and 10. Angle of attack and flap angles were vaned
during the test in order to provide tlow separation.
The number of ucoustic gages were lirnuted
(approximately six in the slice/flap region) that would
make it difficult to capture peak rms pressure levels.
However, careful CFD studies wndicated that the 3D
nature of the flow provided significant pressure relief
as well as the fact that the soaic line 1n the boundary
layer was very close to the surface. If separstion did
oceur, 1t would have been 1n the region very close to
the shee/flap  wntersection  which  could  not
accommudatz  instrumentation. Finally, while
Reference 2 provides for an excellent review of
fluctuating loads associated  with shocksturbulent
boundary layer interactions, Scttles and Dolling (Ref

9) descnbe the rogivas wsoxiated with awept
shock/boundary -layer intersctions.

RISCUSSION

The prodicion methodology for acroacousine tone
generated 10 atached and  shock boundary laver
turbulent flow can be found 10 the rovent work of
Lagsnellt and Wolfe (Ref. 1). The sttached flon
techniues  resulted frum the carlier works of
Laganclit et ol (Rel. 7) while the sthank houndan
layer interection tachniques were fird preswented in
Referemce 10, Foe continuity of the present paper,
some of these rasults will be presented herein. The
baus of the saalysis s the relstioasdup betaeen the
s presswe and power spoctrn s provided by
Houbolt tRef. 7). This gives 8 dixuanion of the
Houtuit slgonthm sad Rel. 11 providee extenane
detals which are germane 10 the present paper

For attached flow. the PSD can he pencralized av 2
function of the ectrum ax

R

o(w) = —2O )
1+ K2?

where K represents an attenuation i the PSD profile
to be comphant with the tlow medium. K s
dependent upon the properties of the flow, namely

K = kv 2)
with k' to be defined. Using the definition of rms

i O(w) du together with Eq.

o

pressure ”";)1 =

(1), there results

PlY o2 3)
q ISVASE

where normalization was made with the dynamic
pressure [y == P(y Q)M based 0a boundary-layer
edge condiions.  Equations (1) and (3) can then be
writlen as

L LI R I
TRV WE

whivh o recognized as the fanuhar format for
representing PSD i the Literature The charsviensi
length 13 gencrally vhosen as the boundars laver
divplacement  thicknesy, while the charsvtenstic
velovity aa the boundary daver edpe value The term
L' appeared  to kave  physnal  nterpretation
repeesenting compeessibihity and heat transter of the
ud medium tRel 7} Thiy was a consyuenve af
the magmitude of the PSD avw = 10 He g = 200
Haote  w = 2aD Dwasshownthatk ~b(h ) - £
and represents a methid of tadonng the apectra
profile in terms of peak values aad nelloff with
frequency. The capoaent A ~ Afn.m) where nand m
represent  the velouity power law exponent and
vimoay power law exponent, reapectively  The
paramcter B as definad below  If ene vonsiders the
low frequeny (e Ol regime, By 141 bovomes
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57 2
SOV [Py 2 (9
q'l q u
Solutions are obtained using correlations developed
for the overall rms pressure for attached (References

1, 11, and 12) and separated flows (References 1, 2,
3, and 13).

P Predicti

The overail ms pr:ssure for attached flows is given
as

(Plg) = 0.006/F. ©

where F_. represeats the heat transfer and
compressibility of the medium and 1s expressed as

h -
FC=C/q=h ./h,=|/‘2—: %ﬂ.')' lMe2]
+022r XL M?
2 )

and for adiabatic flow reduces to

(Plg),,=0.006/(1+0.13M 7] (&)

It is to be roted that arguments have been made on
the incompressible (F, = unity) value of

(ﬁ/q), ~ 0.006 due to gage size limitations.

Solutions for rms pressure in unattached flow have
not reached ‘he level us those in attached flows
inasmuch as the low and high frequency contnibutions
due to the interactions provides for a significant
variation in power intensity. Figure 2 shows typical
results of a compression ramp interaction (Ref. 14)
and a fin-generated shock/turbulent boundary layer
interaction (Ref. 15). 1t : qoted that the 2D
compression comer wd the 3D fin-generated
interaction, while providing simular characteristics of
peaks and plates; ' cls, are inhecently different
which resulted from the same approach flow. Tren

(Ref. 15) compared compressicn comner and fin-
generated interactions and noted that the rms pressure
peaks for the latter where approximately one-half the
levels experienced for the former for a similar
approach flow and similar shock strength. The
interactions showed a strong dependence on the
intermittent characteristics that included the inviscid
pressure rise, peak rms pressure rise, pressure
gradient, and spatial extent of large amplitude
disturbances. This earlier work has been
corroborated and/or expanded upon in a series of
cxperiment-. verformed at Mach 5 (Ref. 2).

Laganelli and Wolfe (Ref. 1 and 10) attempted an
engineering correlation of the compression corner and
fin-gonerated interactions for the intermittent and
plateau regions of the interaction. The objective was
to use known characterist:cs of the flow, inparticular
the inviscid - -essure rise generated by the 2D or 3D
geometry and approach flow conditions. A modified
inviscid oblique shock angle was introduced that
allowed for the 2D/3D interactions to coalesce in the
intermittent region and is given .

P = a + &sin™ (I/M) ©)

wt are

£ =unity@2D interactions{¢=8)) (10)
1 <E<1@ID interactions

for 3, the inviscid oblique shock angle and is defined
as

B, = a +sin! (/M) (A1)

where < is the shock geacrator angle.  Figure 3
shows this result with the Mach 3 and 5 database (as
well as the carlier work at Mach 2 (Ref. 16)) using
E = 0.6 for the 3D inteructions.  The nvisad
oblique pressure nise s expressed us

27M’,sin’¢-(‘y-l) (12)
y o

©.AMAX

(Po/Py)y o™

and the approach flow (anted by subsript 1) rms
pressure 1s delined by Eq. (6). Attempts to coalewe




the data with Mach number using the similarity
parameter M Sin ¢ showed variant results. It should
be noted that the Mach 5 compression ramp data
were obtained with one ramp angle (28°).

While the data shown in Figure 3 did not collapse,
comparable shock generating angles (a = 2C°) for
Mach 3 and 5 show the normalized peak rms pressure
to decrease with increasing Mach number.
Moreover, if the abscissa is normalized by M?, the
data would tend to coalesce which would imply that
the normalized peak rms pressure would scale with
the sin ¢, the modified inviscid shock angle. This
result is shown in Figure 4. While Eq. (12) suggests
that peak rms pressure levels would increase with
Mach number tn separited flow regions as opposed
to asymptotic levels expenenced in attached flow, the
Mach 3 and Mach § date tended to coalesce in
individual bands, and as noted above, showed a
tendency to decrease with Mach nuriber (comparable
shock angles of 20°).

Dolling (Ref. 2) also provided for potential
correlations of the peak rms pressure 1 the
intermittent region as Jevewped in the works of
References 13 and 17. In the former the overall
variance in peak rms pressure in terms of upstream
and downstream pressure fields was shown to be
approxumnated as

By nap = Tip-ry (13

where (3P); 15 the pressure nse across the separation
shock and T is the intermuttency. The matimum rms
value of the pressure occurs at I' = 0.5, Figure §
shows this anteresting result for a number of
shock/boundary  layer  inleracting  geometnes.
However, as noted by Dolling, the difticulty uf using
Eq. (13) as a prediction techmque 15 that (AP), s
usually not known a prion. In the work of Reference
17, the posk rms pressure was normalized with free
stream pressure and xhown as a function of sweep
angle (4,) of the interaction.  Figurm 6 shows this
result.  From an enguncenng prodiction pant ol
view, thix potential correlation has very sttractive
features. However. when the data of Relerence 14
(wiswepl compression ramp) was apphied o the
correlstion, a conmidershie watter was expenenced aa
Ao (remp loading edge angle to the approach flow)
spproached zero.  When the swept comer data of
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Tran (Ref. 15) was applied (24° ramp angle), it
appears that a family of cunv 5 mav be generated
with different ramp angles that could be subsequently
developed into an engineering prediction technique.

The above has essentially addressed rms pressure
predictions for peak conditions associated with the
intermittent region. Correlations have been presented
by Laganelli and Wolfe (References 1 and 10) for the
plateau region. Readers interested in these results are
referred to in the above references.

Power Predictions

Prediction techniques for the power spectra in
attached subsonic, supersonic, and hypersonic flows
have been presented by Laganelli et al (References 1,
7, 8, 10, and 11). The focus in this paper will be for
prediction techniques associated with separation flows
(shock/turbulent boundary layer interactions). The
very ecarly work in this area was conducted by
Robertson (Ref. 18) and Coe et al (Ref. 16) which
was influenced by Space Shuttle requirements. The
work was conducted at Mach numbers < 3. It s
further noied that these authors conducted a senes of
trunsonic tlow experiments (References 19 through
22) on cyhnders with varymng frontal shapes and
rzportzd rms pressure levels commensurate with
compression ramp levels,

Relative to power spectra predictions in separated
flow regions, Robertson (Ref. 18) used a modified
torm of the Lowson (Ref. 23) technigue by modifying
exponents o fit the hinuted database available at the
time.  He also choose normalization parameters ot
the approsch How as wus the practive ot attached
flow imvestigatons 1.e. freestream dynamic pressure
and veloeity and boundary layer thickness. Coe et al
(Ret. 16} represented their data i sinular coordinate
fur the power spectra and dimensionless frequency
(Strouhal  number;, but did not attempt  any
correlations. Rechtien (Ref. 24) re-exanuned the data
of Referenve 16 while also conducting expeniments at
Mach 2. Several charsctenstic distances wore
examuned to coalesce the data. [t was determuned
that distance measured behiad the shock (o the shock
gencrator) provided the most appropriate length
paran:cter or trequendy wahing.

More iecently Laganclland Wolfe (Ret. 1) ettempted
predictions hased va approach flow and augmenting
the spevtra with obhique shock relations. Ther focus
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was in the frequency regime < 2000 Hz where Eq.
(5) could be used. The reason for this limitation was
the inability to obtain the rapid roll-off of the spectra
in interaction flows using the Houbolt form of power
spectra, Eq. (4) for example, since characteristic
lengths and velocities are not adequately known.
However, the authors did provide for a reasonable
engineering solution for the peak (intermuttent) and
plateau levels for frequencies < 2000 Hz. Dolling
et al (see Ref. 2) also recognized the difficulty in
selecting a characteristic length of the various flow
interactions studied at the University of Texas on a
number of shock generating geometries.  Of
particular interest was the work of Reference 13 that
considered flow interactions with cylinders (both
unswept and swept) which identified the intermittent
region length (L)) as a firm charactenstic length.
However, he cautions on the use of the freestream
velocity when non-dimensionalizing the frequency.
Moreover, it was further noted that use of the
intermittent region length is not practical since it is
not known a pricn.  On the other hand, the Mach §
results from Reference 13 showed that L/D = 08
for separation sweepback less than 30°, and between
30° and 60°, L/D increases linearly with about
1.15D (here D is the cylinder decimeter). Finally,
Dolling et al have chosen to represent the power

spectra in & non-dimensional format as f.¢(f)/ (P a
s function of dimensional frequency or non-
dimensional frequency (Strouhal), us well as other
graphical representation of the spectra, which will be
further discussed below.

First Moment Representation of the Power Spectry

As a result of the difficulty ot determuning the
charactenstic  lengths  and  veloviies  of  flow
inteructions (separated flow), other techmiques have
beea sought thit may provide engineenng level
solutions. These techniques are more germane to
interncting flows for strategic and tactical (ureraft
and muxsile) weapon sy ems where shock gencrating
angles, shock strength, and complex geometries
render choices of chaructenstic lengths and velocrties
as  virtually impoxsible, even with the most
sophisticated CFD techniques.

With considerstion to the Houbolt forne of the power
spectra, name!s Eq. (4), we cn wiite

SNNB, ) =111 +(x/2 5 (14)

where
t=4 KV 13

Figure 7 shows the results of Eq. (14) w'th { as a
parameter. Data from several sources are alse
provided. It is noted that increasing values of { tend
toward the flow regimes where interactions occur
(i.e. short time) while decreasing values of { occur
for flow with long residence time for vorticity as
experienced in attached flows. Moreover, the roll-off
that is shown for the attached flow cases occur at low
frequencies (wé*/U, < 0.2) and do not contribute
significantly to the energy intensity i.e. the rms
pressure thus rending the use of the Houbolt spectra
as a potential engineering tool for aitached and
separated flows. [t should be noted that a number of
expeniments  from various subsonic, transonic,
supersonic, and hypersonic facilities follow the trend
shown in Figure 7 for both attached and separated
flows. However, one is still left with the dilemma of
knowing the value of { (i.e.. charactenistic lengths
and velocities).

Another interesting aspect of the Houbolt spectra is
when the PSD s normalized 1n u first moment type
representation as suggested by Black (Ref. 25) as
well as Houbolt und employed n the attached flow
supersonic/hypersonic experiments of Laganelli and
Howe (Ref. 11). With consideration to the definition
of the rms pressure 1.¢.

) L w, o

pi= I o(u)dwj dlw)dw+ j dlw)dw, the
' @ “,

second integral 1s a higher order teem for frequency

>20KHz. If one considers a change in vaniable dz

w Jw/w then ﬁ) = I: w ¢ (W) dz which

w

suggests

1)

M = function lj_t.] (16)
(P, v

Soveral charactersie velocities and lengths were
suggested by flack and Houbolt for atsched flow
conditions.  However when Eq. (14) 18 structured




into the first moment format a very interesting
characteristic of the spectra evolves i.e.

LOONB, )2 =f 1111 +(x/2) 8 an

where the left side of Eq. (17) has a peak value for
all values {. This implies that the first moment has a
unique value for all flow conditions attached and
separatod, when using the Houbolt spectra. This
phenomena is shown in Figure 8. Also shown are
incompressible and compressible data for attached
flow conditions as weil as peak values from a number
of experiments from shock/turbulent boundary layer
interaction experiments that include ramps (with
swept corners), cylinders (swept/unswept), and fin-
generated interactions. The attached flow data show
a trend to the expression given by Eq. (17) while the
unattached flow provide for peak conditions at the

predicted value of f.(f)/(P,,)'=0.318.
Moreover the shape of the interaction flow conditions
is different than that of the attached flow conditions
(see insert from Ref. 13 for the various shock
generating goometries). Again one has the dilemrna
of knowing the frequency where the peak first
moment occurs that requires a knowledge of the
characteristic lengths and velocities.

RESULTS

If one is given & PSD distribution for any flow

condition, the subsequent overall rms preszure (P,,)
can be obtained by the usual integration process. A
value of the peak PSD, ¢(f)), can be selected as well
as & peak frequency, f,. Using Ey. (14) for the
condition (%/2)} ['f* < < 1, where peak conditions
occur by the Houboit spectra, together with the
condition that

£ 8(0)/(B,,)1=0.318 (18)

an iterative process can be established for the correct
selected values of [ and ¢(f). Equation (14) can
then be expressed as
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Lo¥(f)
o =e(f)/1+ r L fe 19
AL [2] =

Figure 9 shows the result of the engineering
prediction technique of Eq. (19). Both attached and
shock/turbulent boundary layer interactions are shown
to provide a good fit to the data for a compression
ramp as well as a fin-generated shock. Similar
results have been obtained for subsonic, supersonic,
and hypersonic attached flows as well as other
shock/turbulent boundary layer interaction flows,

The above represents a technique that can be used for
engineering prediction of the power spectra of
arbitrary flow conditions. The key is in the selection
of ¢(f). Correlations are available for the overall
rms pressure as discussed within. The two conditions
combined together with Eq. (18) provides for a
definition of the peak frequency. The technique does
not require knowledge of the ctaracteristic lengths or
velocities. The methodology is a fall-out of the
Houbolt spectral distribution which was developed
from attached flow characteristics.
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1. SUMMARY

Clonely spaced twin jet aitcralt have been knewn to be vus-
ceptible to altend structusal damage due 1o the high sound
presaure bevels resulting from twin jet screech. An initial
enganecring workstation tool to predict the occnrtence of
screech, ultimately allowing the design of configurations
which will not result in acreech. v prescnted bhete. The
model has been developed in 4 modular {ashion 10 facilitate
npgrades. The implementation takes advantage of a graph-
al intetlace. yickling predictions of scrrech amplitude ver-
aus {requency within a few srconds once the isitial flowhckl
i~ defined. The four phyrically based modules in the code.
for the instability waves, shock-vortex interaction. acowstic
fredback aned teceplivity, are based on amalytical. compe-
tational and experimental tescarch. Preliminary reralts for
2-D jets illustrate the effects freestream Mach pumber and
shear layer growth tate have on the screech amplitudes and
frequency.

2. INTRODUCTION

Cuarrently USAF F-15 aircraft are flving without external
nozzle flaps, due to the continuous strnctural fatigue expern-
enced by the flaps and the: coet of terdacing them. Although
the aft region of the aircraft i+ known to experience high
actodynamic loads due to massive spsteady flow separa-
tion: there is evidence that severe acoratr Joads contnbute
to the vbscived structural dasnage. [hese acowstic boads age
attributed to a phenomenon known s jet screech 52 eeech
s essentially e resonance feetback Joop in the jet flowheld
that can set up between the nozzle lip and the jet shock
cells. 1t most severe for medium spaced twin jet aircraft
and can occur during subeonic flight with a non-perfectls
expanded supersonic jet. Screech has been measured at les-
els of 160dB: high enough to exceed the fatigue {abure limit
for metalbe ajreraft structures.?

Other medium spaced twin-pet aireraft. such as the B-1. the
Tornado and the EFA have the potential to be adversely

affected by pozzle screech. Fot these aircraft, temoving the
external noezle flape may pot be an acceptable solution. For
examphk:. removal of the noztle extesnal flags on the B-18
would increase the posele drag by as much a~ 32 counts over
the Mach mamber range of .55 to %52 This incteare in deag

tesnlts in a 602 nm decreare: in range, which & unaceeptable

for a strategi. bomber.

A\ methododogy to predict the occuttence ol e tody nan-
calls induced jt scteech. nltimately allowing the demgn of
configuratvms which will pot result in screech. b pequigesd.
Until sow model of the screech feedback loop have: fucureed
on the prediction of the apeech frespuency only. Thas the
amplitnde: of screech. imdicating the extent of poreibl: dam-
age to the aitcraft, has pot been previomls prodmted. The
mode] described bete han been developed to predy ¢ the am-
plitude an well 20 the frequency of scterch. The method
an agalytical mode] bared on tesalts from analytcal. com-
patational and experimental rescarch. It b devigned 1o run
1n a [rw sevonds on an enginvering workstation such that
it can be wwd by a nozzk deign engineer. The mode] in-
cotporates a Computational Fluid Dymamics. CEFD. mput
interface amd a graphical amalysir capability. ' \ denensp-
tion of the wotkstation model as well an an exampl: of the
screech preedaction results ot a given nozzle flowhekd will te:
presented 1 the paper.

3. PHYSICS OF SCREECH

A\ xcrecch trronance feedback Joop can ~t ap at subrone
flight Mach numbers with an imperfectly expanded super-
sonic jet ot pets as illastrated in Figare 1. Instability waves
inherently prosent in the shear layer of the pot plume in-
«rease in amsplitode while traveling downstzeam by extract-
mg cnergy om the mean flow. Thes instability waves then
mteract with cach of the shock celby in the jet. Acoustic
waves are produced at cach shock cell. which can propagate:
upetrzam toward the nozzle trailing edge. The: spectrum of
Jcomtic waves at the nozzle Lp is therefore dependent on
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Figure 1: Screech feodback loup.

the amplitude. {requency and phase of the acoustsc waves
produced at cach of the jet shock cells and the summatior ot
these: waven at the nozele ip. ‘The enetgy from the . uslic
waves is translerted in part to instability wave . . pozzb:
lip through the process known as receptivitn. ™« ading on
the amplitude of the newly excited wae anance may
be produeed.

Screech wamplied above, o dove o by inviscidely dominated
instability waves made possinie by the inflection point in
the shear layer between the get and the: [reesttcam. In other
words. it is driven by a "welvin Helmholtz tspe instability of
the shear layer. The nstability of the shear laver abo ge-
sultx i the production of turbulence which is respomsible for
the other 1wo.types of noise aseociated with a jet. jet mix-
g o and bioadband shock aseociated notse  Jet mixing
noise. present i both subsonic and supersonic juts. results
from the turbulent mivng of the jet with the freestzcam.
Broadband shock associated notse. present in supersonic
jets. is gencrated by the interaction of turbualence with the
jetshock eells. Screech is distinguished from the broadband
shoek noise by the fact that the acoustic waves produced
i the interaction between a particular instability wave and
t'. shock coll ultimately act 10 increase the instability wave
a oplitude at the nozele lip. thus stting up the resonance
wop. Figure 2 illustrates typical sound pressure levebs for jet
mixing nose. broadband shock associatex] notse and screech.
Note that screech is characterized by the single frequency
spike having significantly greater amplhitude than either the
mixing noise or the broadband shock associatedd notse. Due
to the different mechansm and sulstantially higher ampl-
tudes of screech as compared 10 broadband o, broad-
band formulas cannot be used to predict screcch amphitude.

The time averaged picture of o jot i screech mode vl
exhibit the typical dlamond shock patterns of imperfectls
expanded jets. However viewed in tune. a jet in screech
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Figure 2: - Power spevtral densition for jet miving noise,
broadband rhock associated noise and screech

i» <haracterized by a dramatic unsteady motion.  Lhe mo-

tion driven by the instability mode, i dependont on the
shape of the poszle: exit area. the fully expanded gt Mach
aumber and the noszle preeuse tatio. For exampd. angle
axisymmetric jets and low aspect ratio rectangular ot ex-
hibit helical and/or torosdal motions depending on the fully
expanded Mach npumber and noczle presenge ratio of the jet.
Hastotically, the mode types have been deagnated AL A2,
B. C apd D as illnstrates in Figure 3 [rom Notum?. tor an

axisymmetric pet. the toroilal spacial sttucture s chatacter-

wzed by shorter wavelength and thus hugher frequences and
would be reprezented by the *\ labels in Figure 3. The he-
lical spacial structuse i charactenzed by longer waselength,
fower frevjuency. waves, [n Figure 3 this spacial mode. woukd
be represented by the "B type mode. In general the: hele al
mode results 1n the highest screech ampbitudes. In a sunidag
manner. singhe 2-D joets and high anpect ratio rer tangular
Jots exhibit a flapping motion. driven by the antisvinmetym
mode. and can abo exhibit a symmetnic mode, Generally
the flapping mode is dominant for the 2-D jet at typrcal
operatiag copditions.

The ampbtude of screech for twin jets has been shown to be )

consmlerably greater than that for single jets. An example
of thes & shown in Figare 4 from Walker®, where the twin
et dB level for demgn Mach 11 axisymmetric jets shghtly
underexpamded is over 10dB greater than that for a single
Ft. The distance between the twin jets has a sicnificant
impact on the magnitude of jet screech. The most extensive
J:t couphing and thus the greatest sound picssure tevels have




Figure 3: Screcch modes for an axisymmetric sonic nozzle

heen measured for moderately spaced jets, approximately
two jut diameters apart.® Jets coser or farther apart do
not exhibit the extensive coupling and thus don’t produce
amplitudes much greater than those of a single jet. The
screcch amplitude resulting from the twin jet coupling v
believed to contribute to the structural damage of the nozzle
cxternal flaps on the F-15.

As noted above, jet exit cross sectional geometry. fully ex-
panded jet Mach number. nozzle pressure ratio and twin
jet separation distance can have a significant impact on the
amplitude of screech. Other physical factors that have an
influence include jet temperature. freestream Mach number
and shear layer growth rate. In addition. modeling assump-
tions. regarding whether the instability wave phase speed is
assutned to be constant or allowed to vary. have proven im-
portant. The effects of freestream Mach number and shear
layer growth rate will be discussed in this paper.

Athough it is possible to analyze a plume flowfield for
screech prediction using the full unsteady Navier Stokes
equations on a computational grid’ . it is currently imprac-
tical as a design tool. "lo resolve the acoustic pressures,
which is necessary for the prediction of screech. the density
of the computational grid required is several times greater
than that required for a more commonly tun CFD solution.
run for the prediction of acrodynamic forees. Spectfically.
the rativ of the acoustic pressure to mean pressure at a
100dBSPL is only 107°. If the computational grid is not
fine enough. the discretization. or truncation errors due to
the grid will overshadow the physical acoustic pressure level.
This high grid density requirement results in run times and
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Figure 4: Single vs twin jet sonmd pressure levels.

memory allocations which are prohibitive for use as a de-
sign 10ol. Even Cray run times for solutions on simplificd
configurations require on the order of CPU days.” ‘Thus a
simplified model which represents the physics of the screech
mechanism is required for design purposes.

4. WORKSTATION ANALYSIS TOOL

The screech model is an analytical model based on the re-
sults from analytical. computational and cxperimental re-
scarch. The screech prediction code. as illustrated in Fig-
ure 3. is designed to run within a few scconds on an en-
gincering workstation once the flowficld has been defined.
The input to the code is a CFD solution of the jet-on air-

craft aft end. Using information from the CFD solution as™’

described further below. the code proceeds through the four
modules of the code:. each representing one component of the
screech mechanism, The modules complete the calculation
of the instability waves. the shock-vortex interaction. the
acoustic feedback. and the receptivity. The code™s primary
output are the screech frequency and amplitude. The code

has been written in a modular structure to allow cach mod-

ule to be casily upgraded as research in cacl component of
the mechanism progresses. The modularity also facilitates
sensitivity studies to determine the impact of one module
on the predictions.

‘The entire code: i» run within a graphical interface provid-
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Figure 3t Screech prediction tool flowchart.

ing visual information relating the input CFD flowfield to
the output amplitude vs. {requency plots. as well as al-
fowing a user less famidiar with the sereech process to run
the code. An illustration of the sereen display is shown in
Figure 6. A CFD flowfield cut can be entered as shown
on the top left corner of the screen. From the menu. var-
ious information about the CI'D solution is entered. For
example, using the jot command. the jet exit Mach num-
ber. presstire and temperature are specified as well as the
shear layer thickness at the nozele lip and the shear layer
gtowth rate. Using the cut command. the jet shock ecll
spacing awd shock pressure junps are specificd. After the
flowficld is defined. the frequency comuand is used. As an
casy reference point, the Tam option is chosen which esti-
mates the screech tone frequency using a formula from Tam,
Seiner and Ya®. The spread command is used to gencrate
a list of analysis frequencies about and including the esti-
mated freguency. Once the analysis frequencies have been
defined the iterate command is selected from the menu.
For cach frequency. the wotkstation tool progresses through
the four nodules to determine whether or not the partic-
ular frequency instability wave is amplificd. The resulting
ontput of the code, viewed by choosing the plot command,
yiclds an xy plot of amplitude vs frequency in one of the
windows selected on the screen. as shown in Figure 6. I
desired all four window sections can be used to plot data
comparing varous runs of the code. Each of the modules
are deseribed in further detail below and some results for a
sample aft end flowficld are given.

4.1 Instability Module

As noted i the introduction. previous models of screech
have focussed on predicting the [requency of screech only,

Menus
i Jot Structure/Geometry Flowfield Parameters
Submeny
’ List Output Data Plots
Axes User Input, Code Messages

Figure 6: Sereech prediction tool screen fayout.

The method employed here predicts frequency and also
tracks the growth rate and amplitude of the iustability wave.
In addition, a constant phase speed is not assumed in this
work. which can turn out to have a significant effect de-
pending on the particular jet flowfield conditions,

It is important to recognize that as a disturbance of fixed

physical frequency conveets downstream in the jet. the local

shear layer thickness increases. This change in the flowficld

characteristics results in a change in the disturbance prop-

agation. i.c. phase speed and growth rate of the instability

wave. Since the disturbance propagation is modeled locally

at successive downstream locations, it is necessary o com-

pute a wide range of solutions just to model the propaga-

tion of one physical instability f{requency. Using dimensional

analysis, it is possible to define a locally scaled dimension-

less {requency range, scaled by shear layer thickness and
shock cell spacing, that characterizes all inportant physical

disturbances. In all, approximately 200 scalud frequencies
must be analyzed 10 give a reasonable characterization of a
stability tode for a given jet. However. once the stability

mode is characterized, the phase speed and growth of any

instability wave as it convects downstream is known for the
given jet.

The code used 1o predict the disturbance propagation is the
spectral based version of the Llncarized Stability Analysis
code, LISA, developed by Flow Dynanics Corporation un-
der the guidance of Dr. Thorwald Herbert. The code uses
a parallel lincarized compressible flow equation, analogous
to the incompressible parallel flow Orr-Sommer(eld formula-
tion. To complete a scaled {requency sweep, with the spec-
tral version of the LISA code, approximately 8 hours on an
Indigo Silicon Graphics workstation are required. Since this
is a prohibitive amount of time, il the workstation tool is to
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be used for design. a neural network has been developed to
represent the results of the LISA code for a class of jets, for
example either 2-D or axisymimetric. In the present work.
the network has been completed for 2-D jets. The neural
network has been developed by McDonnell Douglas and is
based on the ideas in three articles written by Caudill? 1914,
It includes five parameters in addition to the scaled fre-
quency. ‘They are freestream Mach number. nozzle pressure
rativ or fullv expanded jet Mach number, wake amplitude.
the ratio of jet to freestream temperature and dimension-
less shear layer thickness. To train the network five to eight
data points are required for cach parameter. and A1 of the
201 scaled frequencies tun in LISA are selected to accurately
define the effect of scaled frequency for one set of param-
cters. In fact. this results in 82 x40 LISA data points to
develop the newral network for one class of jets. "T'his turns
out to be a non-trivial application of the neural network,
since the limit of data that a network can currently handle
is close to this number. ‘The neural network allows the cal-
culation of instability wave amplification for an entire sweep
of physical frequencies. represented by scaled {requencies in
the network. in less than a second on a workstation. instead
of the hours that would be required if the lincar stability
analysis itself were performed.

4.2  Shock-Vortex Interaction Module

Previous models of the shock-vortex interaction have ap-
proximated the jet shock structure as having cqually spaced
shock cells from the nozzle exit to an infinite distance down-
streant. Sinee the jet shock cell pattern dissipates with dis-
tance downstream. cell spacing is not constant in an actual
Jet. In fact, the dissipation sugpests that only the first sev-
cral shock cells would result in a signilicant shock-vortex
interaction.  Figure 7 from Rice and Taghavi? illustrate
the acoustic sources from a convergent rectangular nozzle
with a fully expanded Mach number of 144, As shown, the
largest interactions and therefore noise sources are produced
just downstream of the 37 and 4™ shock cells, Therefore
it seems desirable 10 model the shock-vortex interaction lo-
cally at the strongest upstream-most shock cells. Modeling
the shock-vortex interaction separately at each shock cell
appears o be an attractive alternative to carlier approaches.
A= afirst approximation, the shear Jayer in this module can
be represented as a zero thickness vortex sheet sinee the
shear layer s thin refative to the wavelength of the relevant
disturbances, Note however that the prediction of the in-
~tability wave growth rate and propagation speed from the
Iostabiity Wave Modude is based on a finite thickness shear
laver. Thus the results from the finite thickness shear layer
in the [nstability Wave Module are used to define the ampli-
tude and pliase of the instability mode in the vortex sheet
of the Shock-Vortex Interaction Module.  Finally. the jet
1> assumed to be slightly fmperfectly expanded such that
shock cell pressure jumps can be modeled lincarly, With
these assumptions it is possible to model the shock-vortex
mteraction in closed lorm. The resulting solution yvields the
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acoustic wave amplitude and phase, for the given instability
wave [requency, at cach shock el location,

An experimental study to further understand the shock vor-
tex interaction is currently on-going as part of this pro-
pram. 4 The experimental set-up consists of a Mach 1,35
rectangular nezzle exhawsting into an ancchoic chamber.
An array of microphones immediately outside the jet shear
layer will record nearfield measurements and a single micro-
phone positioned on a circular arc will record farfield mea-
surcments.  In addition. the miniature microphone probe
technique of Rice and Taghavil? will be used to accurately
locate the shock-vortex interaction noise sources, To detey-
mine the frequency and amplitude of the instability waves,
hot-wire measurements will be taken in the subsonic por-
tion ol the shear layer. By comparing these measurements
for & screeching and non-screeching jet, the instability fre-
queney responsible to sereech can be identified. Using a
technique developed by ‘Thomas and Chu 4%, and tak-
ing hot-wire measurcuents upstream and downstream of
the previously determined noise source locations, the local
spectral dvnamics of the shear fayer can be evaluated. By

corrclating the spectral dynamics to the near-ficld acoustic
measurcments. the mechanisin ol shock-vortex interaction
will be further understood. and results can be wsed to moti-
vate tefinements of the shock-vortex interaction module in

the prediction tool

4.3  Acoustic Feedback

Knowing the amplitude. phase and wavelength of the acous-
tic waves generated at a given shock cell location. as well
as the distance {rom the shock ¢ell to the nozzle lip. cithier
a cylindrical or spherical decay process can be selected to
determine the amplitude of the waves at the nozzle Lip. The
phase at the nozzle lUp can be determined using the dis-
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tance from the shock coll and the velocity of propagation of
the wave, which is estimated by the specd of sound in the
{reestream minus the Ireestream velocity along a straight
path between the sonree and the lip. Thus from the phase
and amplitude of the acoustic waves frum cach of the shock
cells, a swmmation of the acoustic waves can be determined
at the nozzle lip.

4 Receptivity

Receptivity describes how external disturbances generate
instability waves in a flowficld. In the sereech phenomena.,
the receptivity describes how energy is translerred from the
acoustic pressure waves to the vortical instability waves of
the same frequency. In screech. the acoustic wave scattered
from the nozele lip acts to excite the instability wave in the
Jet shear layer. Thus. the receptivity delines the amplitude
and phase of the amplified instability waves, Reeeptivity is
a complex process and can be influenced by nozzle geom-
ctry, materiad type and the aftbody flowficld. The current
model utilizes a vortex sheet formulation. assumes 2-1) llow
i the vicinity of the tradling edge and assumes a sharp noz-
zle trailing edge.

5. RESULTS

A 2D planar slach 135 nozele with a 127 exit height
has been used i the lollowing examples, The offects of
freestream Mach numiber and shear laver growth rate are
prosented,

Figute 8 shows the net gain for one pass through the screech
loop versus frequeney for a hot jet where the plume to
[reestreiin tempetature ratio i five.  In this case. the
[reestream Mach number is 1. the shear laver growth rate is
05 and the fully expanded Mach number is 1.3, Note that
the value of amplitude in these figures is the sum of the
amplitudes from cach of the shock cells with reinforeement
and cancellation accounted for. Note that the jet shows no
screech loop gain. since the resulting amplitudes are all less
than the original amplitude, Le. A/Ao < 1 Figure 4. 10
and 11 show the jet at the same conditions. but with in-
creasing freestream Mach numbers of (702850 and .95, re-
spectively. Note that the feedback amplitude increases with
freestream Mach number and that in cach of the higher
Mach number cases there is a screech loop gain at wwo or
more frequencies. Alsoo the number of frequencies at which
adoop zain does vccur increases dramatically with increas-
g freestreatm Mach nunmber, The mechanisim by which this
acomts s as follows, The hasiec screech process generally re-
siufts moa saecch wavelength on the order of the jet shock
coll spacing. For reference purposes. the instability mode
can he considered to propagate at ronghly the freestream
speed ol somd. The acoustic waves propagate upstrean
at the speed of soned minus the {reestream speed. Thus
as the [eestream spocd approaches the freestream speed
ol sounl, the propagation specd of the upstream propagat-
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ing acoustic waves is a small fraction of the downsticam
propagating vortical instability wave, As a consequence of
these disparate speeds, the slow traveling acoustic waves will
group in substantial wumbers relative 10 the downstream
propagating wave. Thus with a small change i lrequency.
large acoustic wave phase variations occur a* the nozele lip.
This tightly clusters the acoustic interfoence pattern. from
differing downstream shock cells, resulting in an increased
nutnber of frequency peaks av the higher freestream Mach
number. This observed behavior has significant implications
for aircralt aftend structures.

Figures 12 through 15 in comparison to Figures § through 11
show the « feet of doubling the shear layer growth rate for
hot jets. with a jet to freestream ratio of 5.0. at Mach num-
bers 4. .70 .85 and 95, respectively. Note that the faster
shear faver voh rate results in decreased feedback am-
plituden i fact for this jet the higher shear layer growth
rate resalts in no feedback loop gain. Apain. the trend of an
increased number of peaks with increasing Mach number is
evident in Figures 12 through 15.
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6. CONCLUSIONS

An cngineering design tool to predict screech frequency and
amplitude has been developed. The current code, devel-
oped in a modular fashion to model the instability waves,
shock-vortex interaction, acoustic feedback and receptivity,
runs in a few seconds on a workstation. The code takes ad-
vantage of a graplical interface. Within this interface, the
CFD solution of the jet to be analyzed can be displayed,
the screech prediction code can be ran using the appropri-
ate menu selections, and the variation of predicted screech
amplitude gain versus frequency can be plotted.

Preliminary resul's from a single 2-D jet illustrate the ef-
feets of freestream Mach nuuber and shear Jayer growth rate
on both the screech amplitude and frequency. Increasing
festream Mach number has been shown to dramatically
increase the number of frequencies at which a feedback loop
amplitude gain occurs. And. the amplitude of the peaks i
seelt 1o increase with increasing Mach nwiober. Increasing
the shear layer growth rate has been shown to significantly
decrease the amplitude of the screech peaks at all frequen-
cies fut cach freestream Mach number.
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APPLICATION OF THE PSD TECHNIQUE TO ACOUSTIC FATIGUE
STRESS CALCULATIONS IN COMPIEX SUBSTRUCTURES.

H. Climent
J. Casalengua
Structural Dynamics Department
CONSTRUCCIONES AERONAUTICAS S.A.
Getafe, 28906 Madrid, Spain

SUMMARY

A method for stress calculation using the Power
Spectral Density (PSD) technique for acoustic fa-
tigue evaluation is presented.

The sound pressure levels (SPL) are converted to
acoustic pressures PSD and applied to a finite ele-
ment model representation of the substructure. This
technique can cover: complex geometries in substruc-
tures, detailed effect of reinforcements and the contri-
bution of several normal modes, improving the pre-
vious procedure based on ESDU data sheets that ac-
counts for simple geometries and only contribuiion
of the first mode is consideted.

The method is used to predict stresses at substruc-
tures subjected to severe acoustic environment,

Comparison with acoustic fatigue ieat reaults show
good correlation between experimental data and the-
oretical analyses in terms of stresses and accelera-
tions providing an encouraging basis for further work
in this direction.

1 INTRODUCTION

Since aeronautical structures are getting lighter,
more complex and aircraft performances enhance,
acoustic fatigue arises as a problem in areas sub-
jected 10 severe acoustic environment, even becoming
ctitical for substeuctures design, especially for large
panels with small thickness,

The complete problem can be split into:

o Determination of Input Spectra (i.e. Sound
Pressure Levels (SPL), Overall Sound Pressure
Levels (OSPL), etc).

o Determination of Structural Response (i.e. tms
stresses, accelerations, internal actions and
number of positive crossings)

o Futigue Life Evaluation.

The solution of the first part still relies basically on
flight and ground test data. During & project devel-
opment and design phases, when no flight test data
are available, input spectra estimates are obtained
based on empirical procedures, past experience and

read-across from other aircrafts, with simila: aircraft
mission and performances.

The solution of the last part has the additional diffi-
culty of the low amount of available data concerning
the new materials often used for these substructures.

This paper is focused on the intermediat~ nart: the
structural response. Subsequent sectiors summa-
rise the theoretical development and apr'ication of
a Power Spectral Density QSD) technigue to obtain
rma structural responses (A) and the xumber of pos-
itive crossings (NO) for further acoustic fatigue life
evaluations.

Although the idea of using the statistical character-
isties of structural response to random input load-
ing can be already found in the 50's [1], it has been
necessary to wait for finite clement methodology to
mature and computer capabilities to explode before
applying it to actual aircraft struciures. Even with
today's standards the computer resources needed to
perform these kind of calculations aze still high.

The input spectrum is assumed to be known. SPL
are then converted to acoustic pressures PSD and
applied to a finite element model representation of
the substructure. The effect of complex geometries
and the contribution of several normal modes is con-
sidered, improving empirical approaches that take
only into account the contribution of the first normal
mode in simple geometries (i.e. ESDU data sheets).

Validation of the procedure includes sensitivity anal-
yais to the relevant parameters from the fatigue stress
prediction standpoint: structute boundary condi-
tions, frequency cut-off, damping values etc. To tune
all this parameters, an exhaustive validation program
has been envisaged, covering:

¢ Application to simple caszs and comparison with
results obtained from alternative procedures.

o Application tu a specimen tested nnder labora-
tory conditions.

¢ On ground test of actual aircraft,

» In flight test of actual aircraft.

Presented at a Sympasium on ‘tmpact of Acoustic Loads i Aircroft Sirsictures’ held in Lillehammer, Norway, May 1904,
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The validation task is still in progress and only in-
formation concerning the first three steps is avail-
able and presented within this paper. Good correla-
tion has been obtained with the simple cases repro-
duced with alternative procedures. With the speci-
men tested under laboratory conditions, stresses and
accelerations were pred:cted and compared with test
results showing in general good correlation (within
method limitation). Description of this application
constitutes the bulky part of the paper. A limited
amount of information regarding ground test is also
presented. The paper ends with a discussion on the
scope and limitations of the method.

2 ADVANTAGES OF THE FEM + PSD
METHOD

The standard empirical approach (6] to obtain
stresses for fatigue evaluation has limitations that
restricts its use to only some cases.

Previous limitations overcome when using PSD tech-
nique to obtain acoustic fatigue stresses instead of
method of (6] are summarized in table 1.
Nevertheless, suitability of the method should be
shown by means of an exhaustive validation proce-
dure.

Conditions: Method from {6}

FEM + PSD Method

Substructure: Simple geometries

Boundary conditions: || All edges fixed

Input excitation: Plane wave.

Modes contributing: || Only the fundamental mode

Complex geometries
Any boundary condition
All desired modes

Any amplitude and phase

Constant acoustic pressure over
the frequency range close to
the fundamental frequency

Output response: Only r.m.s. stresses at rivet line

Variable acoustic pressure
in any frequency range

r.m.s. stresses, accelerations

NO = fundamental mode frequency || NG includes contributions of

and internal actions
at any point of the substructure

several modes

Teble 1: ADVANTAGES OF FEM + PSD METHOD

3 BASIC ASSUMPTIONS

1. Linear behaviour of the structure (small dis-
placement amplitudes).

2. Fluid pressute is the force causing stresses on
the structure and leads to an isotropic force
field, then only displacements normal to the
fluid-structure interface sutface contribute to
the work done by external forces and thus only
d.o.f. normal to the surface have been consid-
ered in computing the normal modes.

3. The characteristic length of the pressure oscila-
tions variation is assumed to be high when com-
pated with the problem characteristic length
given by overall structure dimensions, thus lead-
ing to a time dependant plane wave acting on the
structure.

4. Inviscid fluid is considered through the analysis,
thus not accounting for oblique fluid-structure
interaction.

5. The coupling effects may be neglected if the fluid
cavity is large enough. The present analyses
do not include any cavity effects because of the
engine exhaust vecinity, thus no fluid-steucture
coupling analysis is necessary.

6. The speciral distribution is assumed continuous
with small rate of change of level with ftequency.

7. Simulated structures should have small curva-
ture.

8. Au dB values in this paper are referzed to a ref-
erence pressute of 20uPa.
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4 FINITE ELEMENT AND PSD APPROACH
The approach includes the following steps:

Modelling of the substructure.

Setting up the input excitation.
¢ Response evaluation.

e Parametric variations.

The substructure is modelled using conventional F.E.
modelling techniques. Although due to geometrical
characteristics of structures potentially subjected to
acoustic fatigue problems, the elements used are ba-
sically plate elements that can withstand pressures
acting in the normal direction of their surface, any
other elements needed to adequately simulate the
stiffness characteristics of the structure are also used.

Figure 1: Plate Element and Pressure

The random acoustic loading is simulated by means
of fluctuating pressures acting on one side. Advanced
Finite Element Codes have embodicd suitable modu-
les to deal with random analyses (3] that take into
account the advantages of the Power Spectzal Den-
sity (PSD) formulation. The underlying theory is
well known (3| being the main conclusion the rela-
tionship between the power spectral density of the
reaponse (S;(w)) and the power speciral density of
the souzce (Sq(w)) that allows the statistical prop-
erties of system response to random excitation to be
evaluated via the techniques of frequency response:
(quoted from (3})

Si(w) = |H',‘.(«i)|2 x Sq(w) (1)

where H;4(w) is the frequency response of any phys-
ical variable u;, due to an excitation source, Q, that
verifies the transfer function theorem:

v;(w) = Hyo(w) x Qu(w) (3)

where u;(w) and Qq(w) are the Fourier transforms of
v, and Q,.

Senevamm— a4
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Once response PSD is known, the rms value (X) is
computed as the squared root of the PSD area:

A= 1/% nm S (w)dw (3)

And the expected value of the number of sero cross-
ings with positive slope per unit time (N0) as:

s (f""n)2 S (w)dw
o= Iy 5j(w)dw ®

The input spectrum is assumed to be known (based
on test data or read-across) in third octave band.
Besides this is the most common way this spectrum
is provided, hypothesis 6 is automatically satisfied
and makes the method less sensitive to substructure
imperfections (either in the model or in the specimen
itself due to manufacturing tolerances)

4.1 Sound Pressure Level Spectrum Conversion
into spectral density of acoustic pressure
Starting from the available sound pressure level spec-
trum in third octave band, the spectral density is
obtained in three steps:

1. Relation between the sound pressure level
(SPL)y, at a particulat frequency and the level
in third octave band (SPL), 4 centered at that
frequency f..

From (4]:

(SPL)u: = (SPL)A” - 10logc&f  (5)

Af=fi-fi=2tf - ﬁ- =0.235633f. (8)

(SPLYu, = (SPL)AH - 10log,, fe + 6.3533
M
2. Relation between sound pressure level and r.m.s.
fluctuating pressure pym,.

From [8):
(SPL)y, = 20(log,, prma+4.69897) (8)

When p is in Bg and pyey = 20uPa

From equation 8 the relation between p in Pa
and (SPL)y, in dB (referred to 20uPa) cen be
extracted:

Prma = 10[9-'.‘?“"“6“9’] (9)
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. Relation between the spectral density of acous-

tic pressute PSD(f) and the root mean square
fluctuating pressure.

When unit bandwith is used, the squared root
mean square fluctuating pressure is numerically
equal to the spectral density of acoustic pressure
at frequency f in Pa?/Hz |[(N/m?)?/Hz) units.

PSD(f) = [pema)’ (10)

Therefore:

PSD(f) = [10&;\2"“-!.69&97]2

in Pa?/Hz [(N/m*)?/Hz)

(11)

NOTE: when mm units are used instead of m
the expression becames:

PSD(f) = |10 B 1z (9
in (MPa)*/Hz [(N/mm?)*/H2]

Sensitivity to relevant parameters:

Mesh sige. Starting with coarse meshes, results
convergence to mesh sise should be checked us-
ing successively finer meshes. As a general rule,
a minimum of 4 elements in each mode shape

wave of the highest frequency mode of interest
should be used.

Reinforcements modeling. Most of the time,
the "complexity” of the structure is not due to
its overall dimensions bui to its reinforcements,
beads, feeding channels etc. As large stress
gradients are anticipated close to substructure's
edges, careful attention should be given to that
modeling.

Cut-off frequency. It determines the amount of
normal modes contributing to the response. The
modal frequency response limit should be se-
lected once the truncation error has proved to
be negligible. Usually, the response PSD shows
a decreasing pattern with frequency that allows
cut-off frequencies in the 500 Hs to 1000 Hs
tange.

Frequency integration interval. Should be small

enough to allow frequency tesolution between
adjacent tesponse peaks. A typical value is 1.5
Hs.

Boundaty Conditions. The only real boundary
condition easy to reproduce in a finite element
model is free-free. Actual substructures bound-
ary conditions ate seldom free-free being & com-
bination of clamped, fixed or simply supported.

D

)

Figure 2: Typical PSD response [0-3000 Ha.|
Attachments flexibility provides additional un-
certainties to boundary conditions making nec-
essary to perform sensitivity analysis of this pa-
rameter.

¢ Damping. Being a very difficult subject, not

only to predict but even to measure on test,
it is far beyond the scope of the present pa-
per to perform an exhaustive discussion concern-
ing damping. Contributions to damping of the
substructure are: structural damping, air damp-
ing, damping due to sound radiation, damping
due to air pumping at structural joints, etc.
The reader can find in (1] some basic princi-
ples. More specific items can be addressed in
(7). Either structural or modal damping :nay
be used. Nevertheless, in the absence of ac-
tual modal damping measurements or better es-
timates, & constant structural damping value of
8=0.01 can been used for isclated specimens (as
those tested in laboratory facilities) and g=:0.034
(as recomended by (8]) for airplane built-in sub-
structures. Figure 3 shows a typical evolution of
a responce with the amount of structural damp-
ing using the present method which matches
with a similar curve from {6]. A response value
of 1 has been selected to normalize the curves at
§=0.034.

kg

3.0
2.8

W
1.0 \K

0.8

0.0 b
0.00 0.02 0.04 0.08 0.08 0.10

Figute 3: Damping ratio correction factor
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$ PRELIMINARY VALIDATION (COMPARI-
SON WITH ALTERNATIVE METHODS)
Preliminaty validation was achieved by comparison
of results obtained with the present method and
those obtained using [6] applied to three different
cases: a flat plate, a slightly curved plate and a series
of panels with increasing curvature. Aluminum ma-
terial with Young’s modulus E = 70000 Mpa, mass
density p = 2710Kg/m® and a constant excit-
ing spectrum of 120 dB were used. Analyses condi-
tions were those of method [6] validity: contribution
of a single mode (fundamental) and all edges fixed.
Damping value used was g = 0.03.

Table 2 shows the comparison of results obtained
with [6] method and with method presented herein.
Results provide fundamental mode frequency and
tms stresses at the rivet line.  Dimensions of
plates are expressed as: Straight edge length (a) x
Curved edge length (b) x Thickness (2).

Good agreement has been obtained for Hlat and
slightly curved panel, providing the present method
stresses about +6% higher in the flat plate case and
+2% higher for the slightly curved panel. Series of
increasingly curved panels show that higher differ-
ences arise as curvature of the panel increases.

Due to the limitations imposed by the conditions of
those analyses, an additional validatior was envis-
aged, based on comparison with an acoustic fatigue
laboratory test of an actual aircraft substructure.

6 VALIDATION WITH LABORATORY TEST
RESULTS

6.1 Test Specimen

A test was conducted in & reverberation chamber to
study the response characteristics to various acoustic
excitations.

Figure 4 shows the test specimen location on air-
craft engines area, isolated test specimen planform
and longitudinal ctoss-section where feeding channels
and bead shapes may be seen.

Fin 0.6 x 0.4 x 0.002
Eutvei 0.36 x 0.3 x 0,
T —

ate Dimensions Curvature ﬁigﬁ ﬁg
axbxt 1/R (6] Method Present Method

Iners. 0.125 128.8

Curv. | 0.48 x 0.4 x 0.002 0.250 197.6 8.0 - 197.8 8.35

0.625 350.0 2.1 350.3 3.88

1.280 401.3 1.0 408.6 0.83
========é======m
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Figure 4: Test Specimen

11.0 120.2 13.712

Table 22 COMPARISON OF (6] METHOD RESULTS WITH PRESENT MLCTHOD
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Test article was mounted in test frames to simulate
the stiffness of the adjacent structure, the assembly
was soft suspended in the reverbaration chamber and
then subjected to acoustic excitation.

The test specimen is a part of the keel beam sepa-
rating the two engine tunnels between two fuselage
frames, built as a single piece by superplastic form-
ing/diffusion bonding (SPF/DB) of titanium alloy.
Initially, two flat panels are placed into a mould and
feeding channels are used to inflate the beads at high
temperature when titanium plasticity is achieved.
Thus, feeding channels significantly contribute to the
upper edge stiffness. Specimen dimensions are aprox-
imately 700 by 800 mm.

8.2 Specimen Finite Element Model

The Finite Element Model representing the specimen
consists of 2647 nodes and 2897 elements and may be
seen in figure 5. Plate elements are used to model flat
areas and beads and beam elements to simulate the
feeding channels. The specimen mass is distributed
all along the niodel by inclusion of actual titanium
density.

Boundaty conditions are imposed to the F.E. model
simulating the actual built up of the panel in the air-
craft: clamped conditions on upper keel beam upper
edge and simply-supported conditions on the other
three edges. Such conditions have been also repro-
duced in the test specimen,

Trials with simplified models have shown that the
keel beam cannot be modeled either as a flat or as a
recrangular panel or as a corrugated plate with open-
ended beads. Feeding channels and bead ends also
influence the keel beam stiffness features. Therefore
these characteristics must be simulated in the model.

Figure 5: Specimen F.E. Model

R —————— 4

TEST SPECIMEN FEM SUMMARY
NODES No. ELEM.
2647 2897

Table 3: Test Specimen FEM Summary

6.3 External Forces

Exciting forces are usually given as one third octave
band spectra and sometimes as octave band spectra.
In both cases the sound pressure levels are converted
into acoustic pressures PSD and applied to the fi-
nite element model representation of the specimen.
Figure 6 shows the actual test spectrum.

PID OVamalA% Tued
L]

"w [ ]
Prag gl

Figure 6: 1/3 Octave Band and PSD Test Spectrum
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6.4 RESULTS

8.4.1 Normal modes and frequencies:

The modified Househclder method was used to ob-
tain the normal modes. A previous static (Guyan)
reduction to the normal to the plate degrees of free-
dom was performed in order to reduce the CPU time.

Figure 7 shows the first two theoretical normal mode
shapes.

Figure 7: Keel Beam Normal Modes 1 and 2

THEORETICAL | TEST MEASURED |

MODE | ANALYSIS FREQ.
(NO.) | FREQ. (Ha) (H3)
1 162 170
2 194 180
318
3 250 245
270
4 314 318
5 383 370
6 “s 440
7 488 470

Table 4; Keel Beam Natural Frequencies

12-7

The natural frequencies measured on test have been
obtained by processing accelerometers and strain
gauges response and considering natural frequencies
where response peaks occur. Digital samples with
a sampling frequency of 5 kHz were used to obtain
root mean square values and power spectral density
distributions. Table 4 shows the natural frequencies
predicted in the analysis and the frequencies mea-
sured in test.

Predicted frequencies are close to those measured
during test. Only test response peaks at 215 and
270 Hs have not been obtained in the theoretical
analysis. Nevertheless, these peak responses in the
test are low when compared with the most important
contributing modes of 170, 190 and 315 Ha frequen-
cies.

8.4.2 Stresses and Accelerations

In order to have correlation between prediction and
test results as well as stress and acceleration distribu-
tions over the model, rms stresses have been obtained
at different locations (see figure below):

- Clamped edge (FEM)

- Elements adjacent to clamped edge (FEM) (edge
distance:4.3 mm)

- Elements on vertical center strip (FEM)

- 7 Accelerometers (Test) A

- 5 Strain gauges (Test))

- 4 Rosettes (Test) @
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Theoretical Stresses in vertical direction (o, );m, on
external plate surface on the selected locations of the
model are shown on the following plots:

40

P VINA,

Figure 9: Theoretical stress output at clamped edge
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Figure 10: Theoretical stress output at eiements ad-
Jjacent to clamped edge

o

40
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Figure 11: Theoretical stress output at central line
elements

Predicted stresses and accelerations are in good
agteement with those obtained in acoustic test, as
may be seen in figure 12 where least squares fit
method is used to obtain the regression line and lin-
ear coreelation coefficient p.
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Figure 12: Predicted vs "(est Stress and Acceleration
Correlation

Regression line coefficient value close to 1 -as
obtained- indicates a good global cortelation, nev-
ertheless the plots show some particular points -
specially in the stresses comparison- with large dis-
crepancies. The explanation may be in the high
stress gradient near the specimen edges and specially
in the neighbouthood of the clamped line, in which
small differences in position could give large differ-
ences in stresses. The exact strain gauge and ac-
celerometer locations cannot be known without some
level of uncertainty. In addition, the actual damping
value is also unknown. The scatter is lower in the
case of the accelecations (the accelerometers are lo-
cated relatively far from the specimen edges).
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8.4.3 Crack location and growth

Visual inspections to detect possible damages and
their development were performed during the keel
beam acoustic fatigue test. A crack of 210 mm was
detected after 9 hr test time close to upper keel edge.
Figure 13 shows the location where crack appeared
(superimposed to F.E.M. plot) and also approximate
development of damage occured during test,
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Development of damage until the end of test was:
(1 - 1)cracklength 210 mm after 9 hrs

(2 - 2) crackiength 255 mm after 10 hzs

(2 - 3)ceacklength 325 mm after 11.5 hrs

(2 - 4)cracklength 335 mm after 13.5 hre

(2 - 4)cracklength 335 mm after 15.0 hts (no growth)

Figure 13: Keel Damage

Stress output (Rg 9) shows that location where the
highest predicted stresses accur isin accordance with
crack starting location. Rapid initial crack growth is
also explained due to the fact that stress levels are
significantly equal over the line where crack started
to run. The tegion of similar high stress levels cor-
tesponds roughly with the crack length. The crack
stopped in the final hours of the test, in the poaition
in which the theoretical madel predicts a decrease of
stresses. It should be pointed out that the presence
of the ctack can have an influence (local charge of
boundary conditions und stiffness) leading to local
stress redistribution that has aot been covered by
the analysis.
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7 APPLICATION TO ACTUAL AIRCRAFT
SUBSTRUCTURES TESTED ON-GROJND
7.1 Substructures and models

Two structural components being part of the same
keel beam as the laboratory specimen have been
used. Each one is also built as single piece by su-
perplastic forming / diffusion bonding of tilanium
alloy. Thus feeding channels and beads contribute to
stiffness. The substructures have been modclled us-
ing similar criteria than in the laboratory specimen.
Next figures and table show FEM's summaries.

Figure 14: Aft keel beam model

Figure 15: Mid-aft keel beam model

0.900 x 0.381 1388 1808
MID-AFT | 0.948 x 0.800 2258 UM

Table 5: Keel beam FEM's Summary

-
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7.2 On-ground test

Engine ground test were performed with limited
am.ount of instrumentation (one microphone and one
accelerometer on the center of each keel beam) to
measure the acoustic excitation and the vibration re-
sponse on the keel beams.

In those tests some of the assumptions of validity of
the method are satisfied (linearity, smull curvature of
the structure etc) while others ate not fully satisfied
(plane wave, acoustic coupling...). As those hypoth-
esis correspond to the worst case scenario, resuits
from theotetical predictions wili be -in general- con-
servative. Nevertheless, test can be used to derive
correction factors if enough repeatibility and corre-
lation between different runs is provided.

27 different runs were performed covering left, right
or both engines running, different engine settings
from idle to maximum dty and bay doors open and
closed conditions. Measured mictophone acoustic ex-
citation expressed in one third octave band for each
run was subsequently used as iaput to the analyti-
cal simulations. Accelerometer signals were posipro-
cesed to obtain PSD's and rms values. Peaks on PSD
plots occur at frequencies that can be identified ei-
ther as normal mode frequencies of the substructures
or feequencics associated with engine r.p.m.'s.

Figures 18 and 17 show the compatison between sim-
ulated and measured acceleration rms values for the
27 on ground engine runs and the two substructures:
aft keel heam and mid-aft keel beam. A regremsion
line hus been also superimposed on each plot.

Test

Predicted

Figure 16: Aft heel beam Comparison

Test

Predicted
Figure 17. Mid-aft keel beam Comparison

As can be seen, there is & factor of toughly 3 between
the slopes of the two regression lines. Nevertheless
the correlations obtained ate excelent in the case of
the aft keel beam (p = 0.980) and fairly good in the
mid-aft keel beam (p = 0.823).

On-ground measured values are consecvative because
ground, wall and roof reflections on test facilities will
not occur in fight. The corrections used to match
theorstical predictions with on ground test results
are consideted to be applicable to in-flight conditions.

Mote on ground test measurements will be performed
and a complete sutvey of flight test s eavisaged that
will show the validity, applicability and limitations
of the FEM + PSD method presented.

8 CONCLUDING REMARKS

A FEM + PSD method to compute acoustic fatigue
stresoes hao been presented. The method uses al
teady existing modules embodied in commercial &.
nite clement codes to evaluate system tesposes to
random excitation, and ovetcomes the limitatioas of
the previous empirical methods, allowing to consider
complex geometties, different boundaty conditions,
conttibutions of several normal modes aad to com-
pute outpul responses ia any position of the modelled
steuctute.

Despite its limitations, the method is considered to:

o Adequately compute jelalive tespoases within




the same substructure, that can be used to select
test instrumentation and predict possible crack
Ppositions.

Predict absolute response values when the hy-
pothesis of validity ate satisfied. As those hy-
pothesis use to correspond to a worst case sce-
nario (i.e. plane wave), if some are not verified,
tesults of the method will be a conservative esti-
mate. A single factor that match test compan-
sons can then be used to correct the theoretical
predictions.

The method presented has predicted adequately
stresses and acceleratiuns in & complex substructure
tested to a sevete acoustic environment in laboratory
facilities. The likely location of the crack and some
assessment concerning the crack length could have
also been made prior to the test. This information
can be either used directly for fatigue life evaluation
ot ¢an help to define the most suitable position of an
acoustic fatigue test instrumentation.

Only limited information concerning on-ground test
of actunl sircraft substructures is available at the
present moment. In these cases, not all the hypothe
uis of validity of the method are totally fulflied. Nev.
erthelews good repeatibility and correlation has been
found between measuted and predicted accelerstions.
More extensive on-ground test are envisaged and the
conclusions oblained on-ground for a particular sub-
structure using this method are expecied Lo be fully
applicable to in-fRight conditions, just modifylag the
input (excitation) spectrum. la-Right test are also
eavisaged.

On the other hand, the method should be weed with
cautwon when some of the sssumptions are not fully
aplicable. A typical case is application 1o largely
cutve panels in which this meihod should be cor-
tecied to take into sccount noa-planar waves, pos
sible cavity effects, reflections and in-plane sitess &
fects.

The method tequites very fine-mesh wodels, and
when application of Lhe method is made 10 streciures
built up in aa aitframe, o sensitivity analysis has W0
be petformed to check the effect of changes in bound-
ary conditions, damping values, aumbet of modes,
ete. Therefore the modelling effort and the massive
CPU consumptions aeeded o apply this method W
sctual siructuces limit the scope of application to
oaly those substtuctures which design is likely to be
dominated by acoustic fatigue considerations. Al
though no genetal rule can be detived, ol CASA typ-
ical values of exciting OASPL close or above 148 48
ate wsed 10 switeh from coutine lask (empirical ap-

e e et e 7
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proach) to the PSD technique.

Finally, it was beyond the scope of the study pre-
sented herein to perform the fatigue life evaluation
itself ot more detailed analyses including the change
of local boundary conditions of the mode! due to the
effective presence of the crack. Despite the limita-
tions described and the scatter observed in some few
particular points between predicted and measured
stresses, the results obtained provide an encouraging
basis for further work wiih this approach.
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ACOUSTIC FATIGUE TESTING ON DIFFERENT MATERIALS AND
SKIN-STRINGER ELEMENTS,

Klaus Konig

Deutsche Aerospace Airbus GmbH
Hiinefeldstr. 1-3, 28183 Bremen, Germany

Summary

¥ithin 2 comoarative studv. 29 different counons co-
vering & different designs and § different materiais
were fatiqued by an excitation of 30 ¢*/Hz on a sha-
ker. The selected designs and materials represent
realistic alternatives of an sircraft surface struc-
turs,

The 1nvestigation ied to the foliowing conclusions:

- Besides classical aluminiym. CFRP is the best ma-
terial with reqard to sonic fatigue,

- Airr, ARALC and AT Taver materiais showed shorter
iife times than the classical Al,

- The most striking imargvement in design for the
dimensions seiected here was achieved with seoarate
doubliers between skin and stringer,

- The modal damoing found was most often smaller than
the 1.7y of the critical as known from ESDU for Al

- Sure CFRP without rivets showed the smallest dam-
ping: 0.6 - £.9%

Introguction

“haoustic fatique” means fatigue of aircraft surface
structures due to acoustic Tcading from different
ise sources.

“he chenomenon 15 weil known, Fequlaticns exist le.g,
MIL-£-87721, WIL-A-8833, JAR (FAR) 25,571 41,

Des:qn recommencations and some metheds of strength
cemanstratign are given, Sor exampie. 1n the ESOU
data sneets,

Suy nevertheiess there are stili scme gpen questicrs,
They cancern imangst others, the influence of some
design parameters. tne characteristics of new ma-
terials and the safety criterien 1tsalf,

Farthermare. 1L §houid be mentioned that acaustic
fatrque 15 high cycie Fatique fup to 10 EYY cvgies)
g

7. acoustic fatique 15 ysually styudied 1nde-
tiv of otner static or Tow cvcle fattoue 'ca-
with 210 the conseguences.

Irtne foiiowing. the results of 2 comparative studv

will be given. 29 different couson tyoes were testec
on a shaker, This covered 6 different materials and 2
¢ifferent cesigns, For details s, ref, (11,

2. Test Specimens

The coudon design was as shown in Fig, 2.1 ang

TBD| !'1|

Some coupons nad separate or integrated doub'srs bet-
ween skin and stringer and some hal 2 second stringer
anyie to alicw symmetry.

For the CFRP materials the guter fibre of the siin was
gerpendicular to the stringer (90, 45. 0. . -45, §-
0/symi.

A survey is given in Tab. 2-2 together with the weight
which varied between (.5 and 1.4 times a refarence
value,

One of the couoons {1-11 had a Taver of seaiing ma-
teriai on its skin to imorgve the damcing.

Three of the couoons were manufactured and tested in 2
separate camgaign one year after the cthers,

3. Test Method .

First. it must be statad that the test methcg is aniv
a substitution of reaiistic acoustic fatigue congi-
tians,

Firstiy. the footocint excitation on the shaker is nge
2 oressure excitation on the aircraft, Sut theoretizal
studies s, ref, Z) showsd that the vibration behavi-
our of tha coucans is not so differant if they are ev-
cited by footcant acceleraticn or by oressure on
skin,

secondly ali shaker tests are acceleratec tests. icge-
ierated from r2atistic 1ife times of the aircraft of
seme 1000 hours to shaker times 2% some minutes. This
Vs reached by an ingrease of the excitation jevel witn
all its conseauences.

To cover scatter, 3 spectmens of each coupon tyde were
ciamped ab the same time on the shaker,

Excitation was a vertical white noise accelerazion.

At least the strain was measurec v two strain qauges
on each specimen. The gne or the skin, tne other an
tne stringer s shawn in Fig, 2-1,

Ir a first step a 19*/H broadbana evSisation Detween

Presented ar a Svmposium on Impact of Acoustic Loads on Aireraft Structures' held in Lillehammer, Norway, Mav 1994,
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"3hoane 1000 Wz was apuiteg te find the resanance
22338 Or g1genfreguersies as snown 1n Fig, i-1, Tnen
tne Yraguency of maximym strain ae1:ng1n9 10 the
“svmmetrica’” bencing woge of the §iin was selectec
170 3 20e%RT smail bang excitation was agpiies, The
hande1dsh now covered 30-110% of tne setectad eiger-
raguerty, This 1agermegite test wis cerfarmed 48
creck the arfiyence ¢f tne igading level on Lne gi-
senfreguency ane 40 aliow 3 iasy cerrectier of the
frecuency sentering,

ifrer that the finai test wita 10at Mz zegd §0-1i0Y
harawrdtn was oerformec,

b

ne soectrum of strain 3s measured at the pedipring
ni 15 also shown 'n Fig, I-1,
Suring the test “he cnange of the eigenfrequency
1§ waLneS ang o'ctieC Svar the time 25 shown
F1¢. 1-2. This gictute Qives a tvoicat resuln. Three
2871208 oan be ciearty distintursned. First a short
deries of sieecar fraguency Cecav. secong 2 ionger
2er106 ¢° sicw decav and finailv 3 steen decay just
bafare tne fractyre pecomes visibie,
These 3 caricds can mast crobably be ailecates Lo a
ahase 3f 1mitia’ sestiing of the cougon. to the real
fatiqua ohase and o the time after an pitig’ frac-
from frgures such as Stg, 3-7 it iz tassthie Lo dert-
ve the frraliy wantec resu't - the life time un Lo
‘a:';ue. tolassicat cef1n1t1~n s=vs what tt s rea-

tras: e" ¢ rre:,e v ﬂe:a~ 1§ smalioand t
est resuits Iarqa i f'rthar f°>* 95J<: of !

its Srar the sgactrum of s*'a*n by 3 class cal
'gig moge araTy§7S $3MCE CRUL LTS raspanse 15 uses

L. Azzuracy of Test Pesyits

Test resu’is may 2e infiuenged b

- 2¥3iU3%10R metnsg

- axgrtaniee leyel

- TeST 277 ra3surarecT acutoment
- enyrronmental G Ins
MR :

- 33732 mETRICS

Test reS.iTy oveer witoout 2ry information on the
sroer oF omazminace of tre anfiyeaces of tnesa para-
vacges are 3F Gymiten yalge,

T1ogen sore snfsrmatiae, same gretasts and some
comtutatigns were performeg,

Trg. i-t srows tne snace oF Une tws first vrpraticn
*2225 3¢ 2 C7arCEs asymmetei Couret :s . mc;ten

Trg. 4D gi.e3 Tme 317410 01SUMITUNICH The skin 33

Y <
ms23uret 375 oomtuted foroa law Tavel ersitatoon,

The mavimal strain was measureg cver the stringer
230es ané a bit higher on the shorter sige of tne
sein, Therefore the strain gauges for the final tests
vare placed at this side just outsice of the stringer,
The measured vaiues agree with the cemgutation with 3
sytiy connected stringer, But during the fina’ tests
the steain qauces on the sin very cfven aiready far-
teg 3% 2097z and for councn 1-1. 2§ snown in Fig,
-z, *hn fegctire agoesrec 1p tne rivet iine, This
wauid £it hetter tC the comoutation with @ connection,
Letwesn skir angd stringer just by the rivet as snou",
1 £1g, 4-2. S0 effects of redistribution ¢f strawn
due ta the irsrease of the excitation level or simnle
stress concentrztion effects mav nave scme 1nfiuence.
Thig Questien needs deeer 1Avestigations Dy LGMOu-
11308 and tests.

295, 4-1 ¢ives sche more detaiis of the 1nfiuence 5f
the axcitation level, Strain increases with tne e~
crease of She ercitat+on out 3 stronger inflyente on
the fracuency ang the mosa: damgrne 05 also visible,

Fig. 4-4 31ves some snformation on the 1nfluerce of
the zardwidth of excitation ang the scatter of tne
test resuits. The strain decreases with tne srcrease
o7 the tandwidth as the =odal gamoing does while tne
froguensies show 3 smalier Jul 000CSite terderCy.

The scatter measurec from ! sarcies each 15 ciife-
rant, it reached abous @ C.5% of the “recyencyv: z i %
{ the strain and = 13% of the moca' gamping.

1 1s remarkzhie that 10 o:fferent tasts sometimes
sagwed the same :ca::er as 13 o:ffereny 2anzivses 3f
tnz tage g3tz of one si-ale test.

Jiffeecent eguioment 2nd bandwidth of anatyses used
2780 show %aetr infivence. It s nesiigibie for the
freguanzies 24t ¢leariy visitle for the damping ang
the strain,

©oa3lly 10 must be mestioned that 3 smailer numper of
th2 £OmLGSTLE sPesimens Showeg some devialinns 1n tne
tehavisur, Fig. &-3 gives twQ exampies. Thev are flusa
mnotng strain scectra of the siringer stra'n qauges a7
iower excitation ievels,
{onsezuences of these gev

24 1331075 or tae final tesst
rasu’is sduid ngt de detactec

1
ec

Tadie 5.1.-1 comoaras the ifirst svemetric: e zanfre-
9u81c185 0f the coubsns. They vary petween 0.3 and 2.3
Limes a reference vaiuz, Thts tngicates that aw' the

advancad matarials 21d the mora expensive gesigns re-
sult tn mare st ff and Tess heavy structures,
The nfluence of the design can ce seoarated as srowrt

1 TabTa I.t-z. It reacmes factors between !oang t1.E,




5.2 Mpda) Damging

Theoretically. the magnitude of vitrasion ressonse 1s
orooorticnal to the square ragt of the mogal dasaing.
Therefore the knowledge of relisbie damoing values is
fundamental for ail theoreticai studies of accustic
fatique,

first. 1t must be mentioned tnat tne increase of
¢arping with the increase of the excitation level

{s. Fig, 4-27 most crabatly resuits fram the iarger
airdamping cue to the Targer vibratron ampiitudes 3%
Yarger excitations,

Due to the large scatier of the measurec values Ce-
taiis of the measurement ang final conclustions are
given 1n Fig. 5.2-1 and 5.2-2.

These fins} damping valyes vary betweer 0.6 ang 7.7%
of the zritical,

The classical aiuminiym design reaches vaiues cetween
1.2 and 1.7 which is in generally smailer than tre
value of 1.7 as usec 1n the ESQU gsta sheels.

whether 1.7 15 reazhed at the fiying aircraft due t0
cressure losding at a much seailer sxcitaticn level
15 8 Cuestion which remains.

The "damping” sater1ai appiied on cougsn 1-1 gave Qn~
ty a goor effrciency tnough 1% incressed the mesured
camoing from 1.5 %0 2.1, that means by adout 3(N.
Aluminum/1ithrym, ARALL and aluminium lsvers qave
a5cut the same values as the classizal alumniue
afiie the CFRP materials showed cieariv reduced
vaiues,

111§ 2iss cbvious that the syametris designs sradu-
ced sralier values than the asymretr-c ones,

rain vaiues are nat ¢iscussed here since it was nst
ar that the strair gauges were reaily slaced at
For some tnformation. see

te
re critical iocatians,
ref, 1,

-
3
,
¢
'
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§.4 Reached L1fe Times

Frg. 5.4-1 shows tne smoothed and rormaiised tme
nistories of the measured eigenfreguencies from which
the reached Tife times wera desarmined,

First of ali one can see ve"v iarge Gifferences.

Sore coutcns faried after 1.4 minutes (7-1 and §-Ivi.
sthers lasted for more than 27 hours icne specimen of
g-1vi,

The scatter between the drfferent sgecimens of one
20USCn 1§ 2155 sometimes ratner iarge and that esge-
craliy for the (FRP coucons. The specimens of the
best coupan {3-IV) showed delamination after 42. 13dg
and more than 16 min. bub without major freguency
0ecays,

frg, 5.4-2 gives the iocations of the fimal fracture

13-3

faung afrer tne tests,
One can ¢i1stirguish cetween:

- fatiure of tonging. 1¥ there are £d rivels icousAn
§-1v3

- fariyre of the reaatrvex\ wedk aluminiug stringers
1§ tney are ysed tozether with the strenoer CFRP
siins (Iv ard Vi, Fracture at tre clasaing for asye-
getric ang at the stringer radius for Symmelric Cous
20ns

stringer (ccuocn 3-1vi

- fracture 1n tne skin sver the cubies egge 1 there -
R §norLer shin S!"e ‘

15 1 separate goudier. anc 32

1f the cougon s agvEmetric

fracture 1n tne ®iiling eage °F tre goutier s Cne-

mically miieg {coucon 7-1i

- fracture 1 the rives Jine of tne shon 1 tnere s
g daudler

I~ general tne fariyre iccaticn 's reariy 1a5egencent

of msteriai, .

NumBers cf the T1fe Lime 1n minyies reacrec v cne

gréferent coupon (8veriged aver tre trree Sgelirens:

are given 'n Tabie 3.4-3,

Trrag 1¢ferent faiiyre ¢ erie were seiectes
ire firest:

21 frequenc: secrease from the starsing frasyenc, (4t

KL NN '

The secsns:

2% freguency cecrease fror the sestiing frequency

while the setsting “reguency 1tself was chgsen in¢n

migé’e of tne largest concave curvalure Is. Fig. i-%

of the seacthed curves of freguency gver time,

€
|

ihe trird:
Ao the zovnt of nrtial fracture which was gefy re: ™"
tne gidzie of the Targest convex curvature 5.F1g.2-2t,

¢ the sroothed curves,

1t 15 rerarkable that sametimes ali tha three criter:2
d've 253Ut the same iife tome whiie 1n some ::*er sa-
ses cnly the second ang the thirg riterion resuis n

acua’ valuzs. Eut alsc trree comnleteiy Griferant re-
suits can 92 fourc.
1t seems that these effects are not sd rulh dependent

on the material but on the tyge of design:

caupons without doubier itvce 1 ang 41 srow three
g1fferent vaiues

- asymmetric coucans with doubier ftype 2
three egual vaiues

- symmetric coupsns with doubler {type 3 ang 7) snow
mare o iess twg different values,

and 3) srow

f1bre delaminaticns 1o the triangie Setween Siin gng

Ry
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The guestich trerefore ar1ges whicrh crizerice 1s Tne
misT agesudte for accusite faligue strengih cesos-
31rac10ns. c%e furtrer cangideraticns comcerning
this tocic are aisc gteen 1mref, Z,

Obvicusty tt can net be Criterign o secause trere
weuld te na reserve tefl for cimer 123ding candisicss
wnich are crecved 'ndecercencly of aczustic fatique.
15 already rentionec.,

dn the gtrer mang, cricericn 1 wall cernacs sive re-
$4ILS 2BDBNIING $OC EuCh I Tha cniseq 2rliatidn
Tevel ans 23uis B o2 stroes whizn wpu'e resuiton

47°eCe358r iy hegyy 31rCrafy,

A fonglosorciuston canRgt be grver todsv. Wire and
deeper Trv23513a%10%5 278 NEC2SSATy. They rave oo
thecy whesrer the 1adesendent safety gralysis f37 icw
116 migh zecte fasigud 15 realiv raassnaslie oroyns-
ordanie 372 anather the yvibratisn Bemawisyr 3f tne
SCuechs 15 reaily reprasentaiive cf the vidraticn ge-
ravicur of tne cesitsig areseafy surface structure.

\evertheiess. Tapie 5.4-3 grves 2 gocs Survey over
tre mensurad test resutls. Bul onsarisons betweer
wrese d1¥farers rasylts ang svalyations ~*suld te

3ase¢ noce an tne ‘oligeing,

Tre vaiues of tne measyrsd Tife time T, 28 3isen if
Tazla §5.4-3 2ee vaitd foroan egudl faatpctnt acceier-
25107, Tests witn arn ecud gressure g 0n ihe gair
sf aif coutons scult nat te ferdorses, 3yt ov the
255umcT1an TNal the Gressure 032 1S grogiciiongl te
wre azceleration multtoited by the mass cf the shn
and the agsrtional assumaiicn thal falisue ergonents
35 grven e the 3-N curves of S30U 72313 Fag, 4 for
1TuTIMIUT wITh SounTersuni Cutt hglag 1z 4.33) ane
10 £300 34027 Frg. 2 for (RSB gz 3430 are 42ivd.
ane gouid try to transfer tne Measures 1fe times

for egual acceieraticn Tt i1fe times for esual sre-
sSure ": Sy

X

': » T‘wwm

raé

Tra resylts at@ 3iver v Yacie f.4-4 35 ratigs of

'-‘T. g

o e cs

They 1osx ratmer 2 ¥%ereny in ICTCaMI50n WIth the

Jirectty r23sures cfe times. Dyt snculd abiow 2r

eviiyaticn zicser iC the realttv 9% the airsrafiwlr
3

N
T8 orassyre igaling

11'S evizenrt that ThE B2sT SOusan 1S more tRac 1l
Lres Setter than tne reference I2upsn. whlle i
wirst one reacnel a 1fe time of tess tRan i.toTomes
tre refgrence “ife tirg. That 1s 2 farge range, tur-
trertmgre. ot ots obvocus tnat CFER 45 the oniy mazar-
110 betrtas thas tne classizal atumimium 3f L cs onat
somuined Atth o aigmincur stringers, Sure tongng of
(7RF wizncut rivets 15 rather dangeraus with resgect
tasoustic fatigue s, E-IV),

Liuminyumicorium, ARSLL ang aluminium tavars ara not

1
-
4

a5 gccs 35 tre ciassical aiumimier,

The 3:%7erers effigtency of tne ¢1fferent caucens 1s
repariabie 15 cns compares tne gy ferent faiiure sri-
ceri3,

The Jast tatie .4-% ailcws 2 ciearer Suyrvey Cver the
1n¥lyeaze of tne desrgn on irfe time, Different ratigs
of T1fe time T,...0T)... are 3iven. Trough tnere is
shvicusie some nfiuence of the mater:ais ang of the
fa1lyre critericn cre can say tnat for the gimensions
ang corgitrans of tmo o stuly:

<
ve
]
-

sre g3d1015m of 2 segarate scubier wili give the
igrgest ingregse of Tife tine

- Byt tre 1nigence 15 larger on sS)Eselric thar o .

SyPERLrIC COUCONS
- 10 gqeserai tntegrated soubier are nct so effective,
orey 20ui5 gven reduce tne Tife Lime
-- gcremicaiiy mriled “doudler’ oroduce the strongest
reguction
<he gédrsian of g secong stringer angle aisc 'ncres-
ses the Tife Lime
-- but for coupons with secarate coudlers the 1nfly-
€nze 15 Tatner SRR Cf even negative,

5. Conclugrgns

Fitigue resuits from shaker tests are nct egudi S
tre facigue from cressure ioadings. tut can de eage.
cezcarasie.

Suraia gistrisution. freguency and damaing ray Se-
2end co tre Tevel o7 lgadieg,

The amaurs of scatier 1s relatively iarge.

Test ang amaiysis ecuicrent has some 1nfluence,
Nevertheisss the comoarisan of the test resuits
shcwed ciaar tendencies,

AT cme =ew razertais aliow Tignter structures with
risher eigenfrecuencies,

wost cf the damoing values found were smalier tras
tre vaiges given in ESDu.

[FSP razerizis have Tower €3M0°n§ tnan aiuminiunm,
Symmetrical cousons Sroduce smaiier dameng vaiues
tnan asverelrical gnes,

Tre classical 2iumintug 3s st1ii 2 qoog matertal
37y sucnassed by (P2,

{555 wav e several tigmes Detter while ajuminium
Trthrgm, ARALL ang cvon ajuminium layers arz
sTigrtly warse in corsarison with the ciassical
umn,

Muzh 1sgrovement s 2isc Sassibie by the desigm,
Mgst effestive are separate Coublers wniie chem:-
caily miiiec “Goubiers’ reguce the 1ife time
sTrongiy.

The appiication of 2 dasping matersal gave only ogor
irgrovements.

Baraing without rivets gave the worst results.
Sysaetric COuscns qave no farger imorovemert com-
rares with asymmelric ones,

Stress cancentratian effects most probably contri~

1

+

+
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Table 2-2 COMPARISON OF THE WEIGHT RATIOS OF THE COUPONS
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Fig. 3—-1 AUTOSPECTRUM OF STRAIN IN SKIN
(coupon 8-V; two different bandwidths of excitation; Af=2.5 Hz)
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Fig.4-2 STRAIN DISTRIBUTION
IN SKIN (coupon 1-{,
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Fig. 3—-2 DECAY OF EIGENFREQUENCY
coupon 5-Ii

type of tR bR S
design | [mm] {mm) [mm]
1 0 0 1.8
2 0.6 28 1.8
3 0.625 28 1.8
4 0 0 2x1.6
5 06 46 2x1.6
6 0.625 54 2x15
7-1 0.6 46 2x16
7-.. 0.625 46 2x1.6
8 0 0 1.5
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Mo ] 1 i v v Vi
: :,'.::;:‘m Al 3.1384T3 + Sasliog | Al 9080 ARALL ceme CFRP ) :‘c":”'"/g;'-am Allayers
‘ peotdesign | t=1.2mm | t=lamm] tatamm] t=12mm ] txtamm | t=iimm | t=15mm] t=1Smm | (=145mm | t=3x0.4mm
5 Al o9 1.1 12| 14 14 11
2 M 11 13 1.2 1.2 13
3 T., < 16 14
. 1.2 1.3 1.6 1.7 1.6 1.2
s 14 15 1.5 1.7
|
¢ CFRP 2.6
7 15 = 21 1.9
e 13
Table 5.1-1 COMPARISON OF EIGENFREQUENCY RATIOS (fq.../taref)
first symmetric mode, measured at 30g2/H
) aterial
ook, studied influence materia m - "::‘_ .2"
1.2 mm u&m_ t4mm | 1.1mm .3 mm 1i§mm 1.45 mm x 0.4
0 | 1.28 1.24 1.2
asym
3 [ influenc, l(';lt:?iP 112 | 108 11
¥ | added [ sep 135 | 14
me | AouRlOr | gym.| i0t0., 120 | 118 12
us 1 doubl. integr. (sym) 1.02 1.0
" Mmc without doubl. 1.23 1.19 131 120] 118 117 12
L sep. | 128 127 1.29 1.28 13
' " lnolo withdb 'é‘l',; 1311] 120 13
L) add, doubl. + 2. angle 147 139 (1.58) 1.8
Table 5.1-2 INFLUENCE OF DESIGN ON EIGENFREQUENCY RATIOS
Ne 1 n ] [} v .
m.::lﬂn.l Al 3.138473 + shaling | AL 0000 ARALL . CrAP M m’) Al layers
stringer
m.uw fotimm | tatdmm]| tetdmm | tat2mm | tetdmm [ tat.iom | tet.Bem]| tet 8 mm !-ﬁm {=3 2 0.4
e ><| 8 | I
gl % 12 1 38 L7 13 10 1 13 12 =
1.4 - 1.4 17 N 1.2
2 f - - - - -l -
N 20 - w L - 1.1
-..-?— X 1.2 =
: } o N, 1-2 ]-Ii -~
i _?_ N L 13 13 12 }; 1.6
{ 4 A (crRmy 11 12 X 1 12 1.1
12 11 19 - .
_' | . ol N .. - u
M 1.1 - d 1.8 1.7 13
— P L 0.7 ~ e
. |i Sl i g - Y . TN
' 1.0 P P P 1.‘ '- ~
V. 12 w Lo
s e—— ,«-‘/ P &: . - e -
e | ] i<~
Table 5.2-1 DAMPING VALUES OF DIFFERENT SPECIMENS MEASURED ON SKIN AT 20g/Hz
(% of oritical)
l i
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[T R

o 1 0 W W v i)
Al 3.1364T3 +sealing | Al/L 80%0 ARALL CFRP Minlsandw. Al
omatﬂh' tar ' material CFRP A (CFRP/GFRP) sy
atringer | stringer
tine otdesion | t=12mm | t=14mm] t2t4mm] tat2mm} t=1.4mm ] t=1.imm | t=1.Smm| t=1.5mm t=1.45 mm t=3 x 0.4 mm
K x] - A . E
1 T 1.6 21 13 1.2 1.4 1.3 15
Al (CFRP) 1.2 - 13 18 10 11 1 15 ta 1ay 12 L 17
1.7 1.8 1.4 1.3 13
2 ﬁ 1.7 1.6 14 1.3 K
A 17 13 11 1218 18 12 121411
12 5]
3 ? 1.2 1.1
A 20 13113 12 ~
1.3 1.0 1.3 1.1 12 14
] ? 1.2 1.2 1.2 1.2 1.2 1.4
Al (CFRP) L2 1313 wots d12 12l Ny lie as
1.2 12 T — 1.2
s ? 1.2 1.2 1.2 1.2
Al 12 13 18 11 12 1
o 7 { skin stringer e
CFRP 30 g2/Hz n 30 g</Hz a8 04
13 chosen 11 12
? ?N 1.1 valus 1.1 1.2 -
Ll 08 = skin .m“,.' [RERR I E¥ WK
2 1.0 ~—
8TV Cree 2 el as?
Table 5.2-2 AVERAGED DAMPING VALUES [% of critical}
No | I ] v v Vi
Al 3,1364T3 + soming | Avu BORO ARALL CFRP Minisandw. Al
3'3.':\” materisl ¢ CFRP (CFRP/GFRP) ayers
siinger trit —
maldwnﬂ tal.2mm | t=t4mm | tatdmm Jt=12mm | tstdmm | teiimm fi=1Smm] t=15mm s 1.45 mm 1=3x04 mm
—r skin in wkin in #kin in " r:‘d + | stringer stringer skin in
1 Al (CPRP) rivet . fivel . rivel | Win* | clamping clamping rivet line
skin over skin over skin over skin aver 7 ki
2 T doublere. | doubler dbl. e sh. dbl. edge SoLors.
A shont side | o. sh.side 3 +siring. both sides - + siring. cl.
~ stringer stringer
3 ?u - - clamping |  clamping -
skin in win in del. in stringer stringer skin In
? P .
. A1 (CPRP le:‘ el l. ;'fi.‘ﬂ" o] radis mdius rhvet |,
skin aver skin over shan shin over
¢ ? x obl edge b, Dler o cloubl. e doubler o.
// e
i i! crmp | pondng ~
Toubler - p
T - e siringer 3§ jor L
! Al ?'33'« - radius .m.
2 T -~ - delamin. -
e | - > in radis ~
Table 5.4-2 DAMAGE LOCATION
o 1 0 ] W v Vi
materisl Al 3.130473 + sonling | AVU 000 ARALL CrRp Minlsandw. Al layers
of shin meterial crne N &C'l!l
siringer |  siringer FRP)
YW M [T G Y AT R A S o 2o
[ 2] - ey T 8 (Y]
$ &8 [ 34 , 4
t Ngmn )~ s | e 13t e |81 2] &8 ig'
w1 14 N 7Y 5] RN N
] ? @y . M3 n 184 P 150
Al 40.0 M . . < 5 ﬁ’ 16.0
3 * = HER <
A o 218 o | 328 "
S [ [Y] "Wy » 3 » ¥
? - 1 2] 1 W0 1"
¢ A (CPRPY 183 |'i.. »374.8 ﬁ : |u.’ : 101
() » - 110
' T na 189 s : Y
N »a 100 18 183
- N - - o
Vo | 48l - ~
14 58 n | 160 = -
T | I R
' 4 n: fracture not in L =
’ T Ry o g = p
Gl P R P
L » : ) I”I
Table 8.4-3

MEASURED LIPE TIMES T DEPENDING ON FAILURE CRITERION
- 2 % decrease from

- 2 % decreass from
- inktial tracture ( averages [min])
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No 1 0 = ] v Vi
m.‘ Al 3436473 m:r'm Al/U 8080 ARALL CFRP'CF” A :gg{m - Al layers
stringer |  stringer
m t=1.2 mm l-‘l.l mm _I:%m t=1.2 mm (-‘.: ;mn t=1.1 mm _1;13.'%»& [ :am_ [ ;.:s mm tx3 x:: mm
e thll I i hh | 8 | a i
5.1 4.2 1.9 12
i I il ] & H <
.0 A
o i 3
1.2 (X ] 32 [[X ] 0.2 07
TN o ¥ o7 i 1% 18 5
07 1.0 [X] 33
o I i i > i
x 0.0
s 'IE CFRP ('c =Tx: (ﬁ) ) b -
0.2 [T) 0.6 5'/
R o - Tﬁ;{ xi 13
* ITF Crrp T caauroc o Fab. 5.4-3 E‘M g B
m/m ref 0.08 1.0 1.20 0.79 0.3 0.78 oro 0.70 0.69 094
Table 5.4-4 COMPARISON OF HARMONISED LIFE TIME RATIOS
~ 2% decrease from starting frequency
~ 2% decrease from gettling frequency
- Initial fracture
studied aversged
o o -
n sep. :ﬁg tg g:
a 30 38
e ! " g‘l‘l‘ip :i ii
n- X
fiuence e ™
s of o sep. i I
va | doubler lém. ?3 : k
™ | doubl. intege. (sym) Es E
b I I B
" without doubl. 13 o8 19 14 37 i3
n ] 3 H T8
v “%'“ sep. X 37 09 K 0.9
s | 2. ongle | with c'"?n ] [H 4
L 3.8 8
HWY I:: ‘: ‘2) g:
#dd. doubl. + 2. angle " ke i ]
Table 8.4-8 INFLUENCE OF DESIGN ON LIFE TIME RATIOS (Tk... / Tk...)
= 2% decrease from starting frequency
-~ 2% decreass from settiing frequency
«  initial fracture
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ACOUSTIC FATIGUE CHARACTERISTICS OF ADVANCED MATERIALS AND STRUCTURES

J. H. Jucobs
McDonncell Douglas Acrospace - East
McDonnell Douglas Corporation
P.0O. Box 516, St. Louis, Missouri 63166-0516
United States

MA. Ferman
Parks College of Saint Louis University
Acrospace Engincering Department
Cahokia, Illinois 62206
United States

SUMMARY

A summary of McDonnell Douglas Acrospace’s (MDA)
capability for wreating acoustic loading on mudern fighter
aircraft structure is given. A brief overview of techniques
that were developed since the mid-70's are presented. In
the mid 1970%, the introduction of composites and new
metallic structure  fubrication  concepts such as Super
Plastic  Formed/Diffusion Bonding  (SPF/DR)  suddenly
required new analysis procedures, In addition, the 1980
brought the additional complications of structures exposed
to high thermal and acoustic environmenits on such vehicles
as the AV-RR Harrier Il and National Acrospace Plane
(NASP). Methods developed Lo handle these new material
forms, intense noise, and thermal loads are discussed. The
intluences of nonlinear steuctural responses on fatigue life
due o comhined load envir s s also diseussed.
Additional  developments  in thermal-agoustic  testing
capability are also discussed.

LINTRODUCTION

While acoustic loading wax always prownt in some form
vince aircrafr fiest few, the advent ol the wt engine
drantically changed the fevel of intensity possible. Abs,
with this increascd power, the abitity 10 1y Tasier produced
new lovelk of acrudynamiv noise.  In the mid 70, the

designer was now faced with a two fold problem of
understanding the material degradation behavior itself as
well as developing structural response prediction methods
for components which may ¢ thermal, hanical
and nonlincar influences. The challenge for these new
material forms, manufacturing techniques and structural
applications, was to develop an applicable scoustic fatigue
design methodology. A oriel summary of the work sinee
the mid-70's including wday's developing capability at
MDA is outlined.

Acoustic fatigue methods wtitized at MDA aver the past 20
years are summanzed in Figure 1 Many viable wehnigues
were ddeveloped by industry and academia in thic time
period anid this st is not intendued to be comprehensive but
rather & ook at the technigues employed in praclice on
MDA'S aircralt siructures. The pre- 1978 approaches are
shown for reference, at which lime the usual method
consisted of cithee standard handhook whealized approadhes
for panel structures or simple analytical  calvulations
constdening only basic madal chatacienstion. Tosung was
used entenvively 1 e pment e results.

Harly m the 197S J0RK pernud the Sonw Fatigue Dosign
Guide For Military Awcraft (Ref. 1) wan released. This

introduztion of compostte materals, new metalhe allays
and aew manufaciunng techmgues | such as Super Plasie
Formed/Dillusion Bording (SPFDR) were desclognd
¥ y 1 prerl wrd weight savings, These
new materiale were reguited 1 Ml even nue stnngent
none,  temperature,  and  fatigie  Tequirementc on e
airvraft. Bodh highly mancuscrable aircraft such as the F 1S
Eagle and Vertical/Share Toko all amd Lamhing (VSTOL)
arcrall such as the AV ER Hamicr 1) posesd avany mew
vhalleages i uding separated fhow, hon plunies, s ikis
el complen ent mwzkes Thoesw deagie prsticed
[ By wompleny probl W high femjatatute vibvo
acounhic applicationn, comiderad W b anigie 1 thesy
arvraft. This siuation quinhly dictated the teed e s
mothuds and new feat techgues W st strengih, Tangue
and dynamic dengn tequireihents,

O partivuler antetest wan e oty tatigue jeoblem
swe M the aggrogation o all ol thew disciplines The

U nl combired hoth theorctival and empirical results
10 fonn uwiul cquations fus the anslysis of wany ausdem
aitvralt  alructurs)  components,  Bakrape b stilfoned
structural rospome equatiis wore sdopred for wa in (e
deign of typicol Tuslage structural componeni umbkee

bavoustic hsading comd CThese wint-empitwal
equatioen inhude the offect of chem milling, nvet ypw,
hade typee. and statie pressires. Winde ihea techniques were
connidurid Tabust for the spevilic aritutal conligutatne
of & doatilfencd ki paml, the  cmergemce
sibpoeile snktues n Ues e lrame wquired a
vornidurably dilferen: appwasach, Hore o sharp depariuee
wai made Trom prr appromhies. Siwe very limiced tost
Aty vosted e co-vured or st cuted iened composite
structures, MDA bogan W chataictize these new matcrial
eatensively in urder W catablish the infheomies uf pro- haed,
temperalure,  manufactunng  ochague . and  Wherinael
mechaninal  coupling e Jatigae Rie. Analyial
ekl wete cumenifacd on oqaivalem ungk

Export Authonty 22CFR 128 JibK 1))
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degree of freedom equations for simple composite panel
matcrial  systems. These  methods  coupled  with
cxperimental validation yielded gross approximations to
structural responsc and fatigue life of complex composite
structurcs and provided the necessary foundation for future
developments.  During this time pei:od as well, more
detailed cffects on composite structural behavior became
available in lincar, nonlincar and thermal effects. (Refs.
2,3) Throughout this entirc time period, NASTRAN was
used as the major workhorse for analyzing detailed
composite structures where panel level equations were not
adequate. Other multi-purpose finite clement codes such as
ABAQUS, ANSYS, NISA, and MARC were also cvaluated
but did not prove as robust.

During this same time period, methods to analyze SPF/DB
nictallic pants were also addressed. To analyze pancl-type
structures a local-globul analysis procedure was wiilized.
Overall panel response was treated by using an equivalent
“smeared stiffness” approach W predict global level strains.
Local panel response was then performed at the stilfence
level 1o address the added high frequency and stress
concentration effects.

Ry 198K, lincar clastic response of isotrapic and composite
pancl type structures was Tairly well understood. The
primary emphasis in this period wac the development of
wechniquex which could incorporate combiwd  Joading
comditions and nonlincar structural re. e behavir in
onder o predict more accurate fatigue 1.ov In addition,
during this time frame the NASP program was developing
very complicated built-up siructural concepts which had w
survive  temperatures near JOO0PF  and  acoustic  Jomds
vaeveding 180 dB. These combined loal vavir
mduced the added complication of hinear structurat
response hehavior, To address this behavier a nonhincar
wsponie code for beeatiffened  compoiite panchs was
created  (Ref. 3). This investigat hawed that rand
respotiie for a classieal nonlincar dulling ascdlaioe sysiem
o it exhibit the same response chatackenatics as
sinusndal excitation (Figure 23 This methaad caplaned the
apparent wideming of the band fow random rospone cases,
To entend this resarch, in 1990 MDA in conjunction with
NASA Langley Rewarch Center  Structural  Acoustics
Rranch co-developed a fimte clement hased nonhincar
renpusting code which was capable of  anilyang budiup
mull matonial compunite structies under thermal and
acoutic loads This rescarch was based on the wark of Mei
amd Lascke discavsed in References $ and 6. The now code
was entitlod “Thermal Aveate Respomae and Fouigue of
Pre Buckied amd Pt Buckiod Struciwred” (TAPS) The
oude was alws devehigped o oanclude an ostonsive matetial
databas aned autsunvated Daght peot.  Tatigue hie prodation
syslem (Rl T Results ate desnibod daler i this paper.
Revontly NASA Langley Rescarch Conier has incopotated
the same aonlinear swractural respanse fuemulation i
NASTRAN Ve?

Future work in the acoustic fatigue of aircraft structures is
directed towards the linking of codes such as TAPS which
addresscs panel level response and fatiguc to NASTRAN
which can address larger scale aircraft structural response
issues. This is part of a much larger cffort to cstablish a
global-local optimization procedure for aircraft structures
exposed to slalic, dynamic, thermal, and acrodynamic
loads.

Testing capability to characterize advanced materials for
acoustic fatigue has steadily advanced, with the current
capability depicted in Figure 3. The bascline progressive
wave chamber has a test section roughly 72° x 36" x 7.
The structural test section size can range from 72" x 36" to
12" 2 127, A strong box-like enclosure can be mounted W
the pancl backside for pressure tests and or lemperature
tests.  Noise levels of up to 171 dB broad band and up to
174 dB narrow band can be produced using  grazing
incidence excitation.

The progressive wave chamber was upgraded in 1990 to
handle higher temperature and noise requirements of new
advanced aircralt programs by the addition of quartz lamp
bank axscmblics across the test seetion, Theso then provide
a hoat NMux on the noise side of the panel. The three section
quarte lamp band assembly can obtain o local pancl
wemperature up o 1200°F over a MYy W0° region.
Numerous pancls and substructures have heen wated in this
facility w0 validate analyhcal predictionms and  ¢valuate
durability o atrcraft vomponents (Refs. 8.9).

The high temperature cleviradynamic shaker has boen used
1o charactoriae vandom  fatigue of advanced malerial
systems up W 2000 F such ax Carbon-Carbon, Tusnium
Motal Mainia compusives (TMC), Carbon-Epory, Ceramn
Matnn Composites (CMC ), and many others (Ref. 1. The
syutem usex four gquarts lamps and 3 reflecue plate W
ubtam umform thermal prsfiles on the coupan wecimens
A e contacting Tawr vibomoter Boused o s
fospunmee at high temperatares whet arain gages prone
welfoctve. The rambom strain to failute data genctsied in
s Fanilily 1 an integral pant (e Tull scale acousi Eatigue
lile preducinm.

A DESIUN APPROACIIES

The level of complerity of an scoustic fatigue snatysis for
on sircrall part i depemdent an iy structional type, heading
condinm, matctial infurmatnm avarlahiliay amd deugn
speificanns  Figute 4 summatizes the gotal devigh
pracodure used 1 cvaluate sttuctutes b scoutic (et
life. Av montwned cattict, typacal B wiflened istrope
swwtare v snalysed e respome with a series of
sprcisliond  somi cpitnal  compular prugems. I o

o gquestion cen b 3 as & cortvpumate oF bt
up percl, e TAPS ciate v used bt respurne anatyses
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When a structural part bucomes very complex, such as a
contoured inlet duct, more claborate approaches such as
NASTRAN are implemented. Ail of these methods produce
a scries of random strain values from acousiic excitation
which arc analyzed through a sonic fatigue material
database for ultimatc fatigue life. When analyses are
performed at the panel level, the option to cvaluate the
structure for a given flight profile loading spectrum is also
available. Depending on the application, testing in the
acoustic chamber or on the clectrodynamic shaker can be
used fur validation of fatigue predictions or qualification
testing. All of these approaches assume the existence of
some sort of dynamic strain to failure material information.
This information must be generated in the form of random
strain to famlure curves in order for any acoustic or
combined load fatigue lives to be predicted. These design
approaches have been proven over the past 2% years to be
cost ¢ffective and applicable to the design of figher
atrcralt structures for the F-LS, AV-NR, F/A I8, NASP, T-
35, YF 23 and ather advaneed flight vehicles (Fig. $).

$ RESULTS AND EXAMPLES

(Y

To demonsteate 0 the simy the impartance ol
unng the corrcet analyss method ot acoustic Tatigue,
consider Figure 6 Here results from an ssetropie 107
20°A0.0637 7078-Th Alummum pane] tosted i MDA
progressive wave chamber are shown. The paned win
viamped an all sides rgdly wath 4 bultcd conmecion, Test
rerutdis are shuwn along with the analytwal predwtions fiw o
vatiety of compatational schemes. The umple o degres
of frevchan lincar thaaey tRef 11 amd senn emparival ¥
bay cquation (Ref 1) peodint responaesy well abuve the
sypwnmental data at the high dB devels Uang the
ronlineat revpume furmulabion in (e TAPS ok, much
wproned reaitn are obtaiied at the higher B levels
Those tesultn idicate the imgatance that the deugee
must peahisze i uing the correot strkatal repivaentatng
atwl PNty cyuatmie Samchimes Dt thaaey o
wistely pealise the attuctutal woght bevane of  ovet
devgning the part W mect utcabivin sran fosch Wiale
this vastw futadet scxinie spuile e e, guity Sroguently these
ample dosign tules aie aigmated e the bivtatuie sl i
Patne

To dbiutate i addod owispluation of 2 silfcred
companiie dnmiwre, voneeket Figate T Hote o thive bay
Chapinec/Bpary panct tested at MDA w 1990 30 dwrma o
thae ¢ ave, e stamdand by stiffonod mattope pancl eyval

wote dwpandy et applicable whule (e TAPS aade e
Sanpls ungle dogtee Breahun liwat thasy o veren for
sompatini The firet aram gage ponitun o the vdge of
the panel tespuindt vory bicarly wencwhal tineen 3 fully
slathped U atnl 2 lamped sinplc cugguet crrnlitum
This revult is cprocted bt the mtctesting pot 10 this e
e uncat angthe degred of fteedham oy ot 2 vampletely
damped  pans] ugmdwanty  umdct predare the  atan
tevuaree The sexvid ciran st ohaves i inste

—— e e
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non-lincarly than the first. It is cvident that the response
again falls between a fully clamped pancl and a panel
which is clamped-simple supported but in a nonlincar
fashion. The lincar theory significantly over-predicts the
response at high dB levels. This example again illustrates
the nced to have a rebust response prediction tool for
composite structures where design book guidelines may not
apply. The last design cxample, Figure 8, is in the
calculation of the fatigue life of a TMC pancl used in the
NASP program. The first line indicates the baseline fatigue
life of the pancl was analyzed using lincar single-degrec-
of-frecdom theory and sinusoidaly gencrated low frequency
fatiguc data. Obvicusly for acoustic fatigue analyses,
random fatiguc data is required. This lowers the fatigue life
by 85% for this example, as is shown in the second line.
Using sinusvidal fatigue data in conjunction with nonlincar
response theory, an overall lifctime improvement of 31% is
realiscd and is shown f the third line. Hence, using
nonalincar response theory in conjunclion with incorrect
material propertics can resulis in very non-conscrvative
designs When the correct random fatigue data is used with
nonlinesr responic theory, the fatigue life is now 41%
lower thal the hascling scenario in line one. Hence,
vomparing hincs two and four of this ligure, 3 foctor of 3
improvement an fatigue  Hfe W realised  botweon a
lincar/sinusaoida) analysis and 3 nonhinvarivamdom analysi.
The latter design procedune will hence e straciural
weight siwe Satigue hiv haa boon improvesd. This ensnple
dues not inwhule the cllvvis such as thermal and mochamcal
pro-luad, bt rather dlustrates the paant that avensti
fatgue Die prodicons must be performed with o Tirm
heowladge  of  the  snctueal  system and  material
charaicnstics

MDA Y metuahh bodh eaporimental and analyticsl have
advaneed ugnifiantly siwe the oad 205 This chishegy
was spurtvd by the advont s compesile matchial plogeiies,
new dimteral configuratnse and lgher mawe fevels which
pouaedd e challenge b e deagnet Taday's analyae
techanpnn tange frien mple pancl cndes fot it
anmiuive e fudly msolved finte oleinent oaakely G
cotphioated sompunity ansiutes  In oither vaw, i has
heoh dwemn that the ottt lincar of selincar stk tedsl
respuoing (idtmulation sn wriporative o uhbaning tcliablc
tosulte. With adexpuate krwes landge of the sammhan ovgitation
matchial chatainhinine of 2 dew anatatal syvom caly s
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Time Period Acoustic Fatigue Techniques Applied

Pre-1975 + Panel Analysis Using Semi-Empirical Equations or Simpie Model
Ditferential Evaluations

« Limited Use of Finite Element Theory

» Heavy Use of Experimental Resuits

1975 - 1988 + Sonic Fatigue Guide Semi-Empitical Equations Used for Bi-Stittened
Isotropic Structures

« Composite Parts Analytical With Single DOF Equations

+» Jacobsen's Methods Extended

+ Heavy Experimental Characterizatior. of Composite Materials

» Combined Load Eftects Considered in Fatijue

« Techniques Appiied to Aircraft Projects

+ Finite Element Codes Used for Large Scale Analyses

1988 - Present « Nonlinear Respanse Effects Developed inta Multi-Mode Equations
(NRAP Code)

« TAPS Code Developed to Handle Combined Load Conditions,
Thermal Loads, Composites, Fatigue Database, Flight Profiles

+ Tachniques Implemented on NASP and Other Aircratt Programs

» NASTRAN Used Heavily for Large Structure Analysis

Future Multi-Disciplined Optimization of Strength and Acoustic Fatigue Ressarch
Using NASTRAN TAPS, ang Other Analysis Codes

G009tV

Figure 1. McDonneil Douglas Aerospace Acoustic Fat'gue Mathods Development
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Figure 2. 8ine and Random Nonlinesr Reepones Functions
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Dynamic{ Fatigue | Cycles
Case ‘;;‘:"::L’ Strain Data to Cycles to Failure
{uinsin) | Used | Faliure | Case (1) Cycles to Failure
1 Linear 1,939 Sine | 7.85E6 1.0
2 Linear 1,939 | Random| 1.22 E6 0.155
3 Noniinear 1,602 Sine 119E7 1.51
4 | Nonlinear 1,602 | Random|{ 4.19E6 0.533
GPM-0007-9-V

Figure 8. Combined Loads Fatigue Evaluation
TMC Panel Used in NASP Program (OASPL = 180 dB)
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1. SUMMARY

Based on the acoustic fatiyue endurance curve of CFRP-

probes (Carbon Fibre Reinforced Plastic) obtained

within  the BRITE EURAM PROGRAMME

"ACOUFAT" further investigations have been carried

out with respect to

- nonlinearitics in the meusurements for the calibration
of the different transducers

- effects of residual stren:1th for the coupons

- effects of moisture ani: temperature in the material due
to storage and testing in humid environment

The sum of these effed:s leads for one choosen coupon

type to a reduction of the ullowablc strain in the range of

high cycles by a factor ~ 4 compared to the value

obtained originally for ive coupon using the 2 % failure

criterion and tested at room temperature. The

modifications are con.idered step by step and the

resulting curve is given i this paper.

2. INTRODUCTION

The application of advared materials as CFRP tends 1o
increase in the construc .on of arplanes due to their high
strength at low specifie weight. Large cfforts are made
by the sircralt manufacrurers in order to qualify their
structures, (o avoid man.-cnance problems for those parts
exposed to large nois levels and 10 define weight
optimised design soluti s against acoustic fatigue.

For the investigation of +.¢ scoustic fitigue paramcters
tmg/ N during the  BIITE EURAM PROGRAMME
“ACOUFAT" [1] in 1992 tests were carricd out with
eight difTerent types of CFRP coupons.

This programme defined as a pilot phase was aimed to
understand about the CFRP (atigue behaviour and to
derive appropriate test and analytis proced. res.

Because of the limitations within the EC programme
further investigations were performed 0 gain better
confidence in the results and to increase the knowledge
about the influences of moisture and tempersiure in the
material. Another important issue is the delinition of the
failore criseria including possible reductions of ihe
residual scrength for CFRP material under acoustic loads.
This paper discusses further investigations based on the
fatigue results of the coupon type No 7 from
*ACOUFAT" excited by simulated acoustic loads using
a dynamic shaker.

The calibrati sn procedure of the measuring devices has
besn improved by considering the linearity of the

response versus the input load.

For the compensation of the residual strength reduction
the failure criterion is redefined.

Additionally for this coupon type the influence of the
storage and testing in humid environment on the gyy¢/ N
- curve is investigated by read across from the results of
other specimens.

Considering all influences a recalculated lifetime curve
is given taking into account safety margins.

Based on these considerations further investigations are
needed for the verification of the measurement and
analysis procedures as well as the definition of the
failure criterion for deriving the &g/ N - curves.

3. TEST SPECIMEN

The considered coupon (type 7) consists of a skin with 8
plies (1mm) which was reinforced by a cocured landing
(S plies). A L-Stringer was bolted with Hi-Lok with a
scaling material implemented between stringer and skin.
The dimensions (in mm) and luy up direction: are given
inFig /.

Fig.l : Dimensions of the "ACOUFAT" conpon type 7

Presevsed a1 @ Scmporiom on “bupuxt of Aconstic Loads um Ascraft Svactures’ held in L ilivhammer, Norway, Max 1994,
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4. TEST PROCEDURE

Three specimens were tested simultaniously fixed by a
clamping device which was mounted on the excitation
table of the shaker (Fig 2). On this device an
accelerometer was installed for reference and shaker
control as well. The random vibration load was produced
by a dynamic shaker SA30-V560/ Unholtz-Dickie
controlied by a random signal generator . For the tests at
high and low temperature and within humid environment
a climate chamber was used. The data were digitized
after amplification and analysed with a PC. The
measurement intervals were at the beginning 5 seconds
and increased with the test time up to 10 minutes. The
test facility is shown schematically in Fig.3.

Fig 3 Test facility

The endurence tesis were performed (o Tour load levels
to oblain several K/ N powts for establishing the
lifetime curve. The frequency bandwidth was chosen in
order to excite only the flrst symmetrical eigenmode of
the thiee specunens. The maximum bandwidth was
about 70 Hz depending on the shaker performance.

Preliminary tests to obtain the strain distribution on the
skin surface, resonance tests to determine the frequency
of the lowest symmetric bending mode and its damping
coefficient for low excitation levels were performed.
Additionally linearity checks under static loading have
been made as described in the ESDU 93027 [2].

Foil strain gauges were bonded at the surface for
measuring the strain in the outer laminate at the locations
of the maximum strain. Since the strain gauges operate
only properly for a limited time an optical diode was
used to measure the deflection of the skin additionally.
Its signal is proportinal to the maximum strain. The
diode was calibrated by the strain gauge. The
measurement area of the strain gauges was 1.2 x 1.5
mm. The diode was combined with an optical fiber 10
enable measurements in the climate chamber.

§. ANALYSIS

The measurements of strain, deflection and excitation
load started gencrally before the ramping phase of the
shaker to obtain the frequency of the specimens and the
damping values for the structure unaffected by fatigue at
the very beginning of the test. At that time the load level
was 20 dB below the steady state excitation level. For
example 0.4 g¥Hz was the start level at the ramping
phase for the 40 g¥Hz excitation level. The modal
eigenfrequency and damping value was determined
uting a SDOF (single degree of freedom) curve fit to the
transfer function from strain to input load for strain
gauges and to the response ditplacement to input
displacement for the diode. Examples for the transfer
function (magnitude and phase), the rms strain spectrum
and the nns input spectrum are given in Fig. 4.
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Fig 4: Exomples of the measured inpwt load, responding
sirains and the trangfer fanctions
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6. CALIBRATION OF THE OPTICAL DIODE

Due to the early failure of the strain gauge, in general
during the ramping phase of the shaker at high level
excitations, the diode had to be calibrated using the first
measuring sequencies. A calibration example is given in
Fig. 5. For calibration the rms values of the half power
bandwidth (3dB-values) were used being independent
from the excitation bandwidth, which has been changed
in some cases due to the limited shaker power.

g B ImV diode = 4,1 4D

=

E 2000 - s strain gavge

w

3 s

= o 1500 ¢

gy

€

8535 w0

3 '

2 s,

v 0 . o . . .
0 10 0 30 40 b)) 60 10

Input load 3 dB vaiues (g)

Fig. 5: Example of the calibration of the diode using
strain gauge resulis {3dB-values)

7. DETERMINATION OF THE LIFE TIME
CYCLESN

For the endurance data the strain level was deternuined at
the time, when the input load reached the stcady state
level. For the definition of the failure point for the
structure a 2 % drop of the frequency of the lowest
bending mode was used (Fig 6). For the corresponding
time the number of cycles Ny was determined. The
settling phase included the structural settling as well as
the landing scparation. 1t was not considered here as &
structural failure. The fundamental frequency [, (100%)
was deterermined at the time  when the slope of the
frequency curve reduced and remained constant for
some time interval.

g Dot

[ agquency ¢rop %

u° N, Cyeies
K 6 Definttion of the failwre crierion

8 CALCULATED g.q, /N CURVE
The derived copny/N curve is given for the considered

coupon type 7 in Fig 7 for rvom wempersture. The
straight line was fitted 10 the endurance data in a least

o e et e
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squares sense from 10° up to 10% cycles, which exceeds
the measurements by about a factor of 10 for cach
margin.

10000 TIETIEE T Y e

i
i

Eaar E:
- N I zf‘!t : ~***7~§
€ e - — e
g s uy;lm"'~ " JURHILN Ua
[t [ — Hh
3 Ll T T
: = =
13 “ r
c e B E e It
® T ‘rﬁﬂ
a ACOUFAT"Type 7 k| IR RAn
e TR
Yoo v TIEEITIEITI T Lo L bl
1,00E+03 1,00E+04 1,00E+08 1,00E+06 1,00E+07 1,00E+08
N (cycles 2%)

Fig. 7: Calculated €,,,¢/N curve of coupon tipe 7
(L - Stringer with landing)

9. EFFECTS DUE TO THE NONLINEARITY OF
THE TESTS
As shown in Fig. 5 the strain did not increase linearily
with the input load because of the increased damping of
the bending mode at large vibration levels caused by the
airpumping. This effect was investigated in order to
verify the relative calibration of the diode versus the
strain datz. In the curves given in Fig.$5 the calibration
factor for the input load 10 g where the strain gauge
values were still significant was 4.1 pstrains / mV diode,
the factor at 25 g would be 3.5 pstrains, which would
lead 10 a lower Epye- value by factor 1.17. These
differcnt factors refering to the input load could be
caused by the different measurement locations as well as
by the different transducer behaviour under random
loading with increasing level. In order to improve the
salibration procedure the measured JdB-values of strain
€. g with their hall power bandwidih Af and the
smwugponding input load g,, were used for
asderation of the nonlinearity due to  different
Sinping ratios and its influence on the measured sirain
(Fig B).

Frequency ()
Fig 8: Transfer fanction sirain 10 inpet accvleration

ot e s
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Using the formula [2.1] of ESDU 72005 [3] and
incorporating the input load as acceleration density
acting on a cantilever probe with one end fixed (Fig.9)
the strain can be estimated by

v | —

9 P a 0
= ZLtig.(f). )2
Erms [l6t 5 blf) 3E3

with

G,(f) spectral density of input acceleration at
frequency f

) damping ratio

A fixing coefficient for the first bending
mode

p mass density

| free length of the rantilever

t thickness

E Young's modulus

'

an /u
Go.
f

Fig. 9:  Model cantilever beam ucceleration excited

Leaving for one coupon excited by one load the
dimensions and material properties constant the damping
due to the nonlinear aiv pumping effect changes the
resulting strain generally by

}
Sy ™ By v J;:

With the measured damping 8y, and the corresponding
cigenfrequency f, the half power bandwidth Af is

Af-!&u 'f.

and the 3 dB-value of the input load is
‘J“-‘lob ‘Af

Assuming the messured damping sutio m very low
input loads to be representtive for the structural
damping, the measured strain and the measured input
load for the constant damping ratio 5., value can be
recalculeted resuhting in new pairs of dats velues.

The correcied strain value £y, i then

]
3 )t
‘t-w)"mm[g:')

and the corresponding input load level

5. )2
B3db(ref) =8345(M)[’8'!:[‘)

The corrected values are shown in Fig.10 indicating
that the response of the coupons was linearly related to

the input load.
§000 -
[}
€ 4000 , sirain, delta = const
3000 Sy
g . ‘
° P |
2000 - L4 i
c s ™
‘® ! ./ . [ ]
-3 f ,
@ 1000 ' [ ] stran mezsured
0 - .ol e .
0 $ 10 15 20

input Load 3 dB ()

Fig. 10: Strain versus input load (3 dB values) at
constant damping

This procedure can be used also for deriving overall
vaiues, where only the correction of the strain s
required, because the bandwidth of the input load is
constant. An example is given in Fig. /1.

1000 -

°
000
8000 . ttan dela = conal.
4000 - ‘
3000 + il
§ 2000 : . *
2 2% ¢4 °®
1000 - n® " Stesin Medsuien
e . . . .
° 10 n % e )
inout Load (grme)
Fig. 11: Strain versus input load (over all volwes) at
constan! dumping

Using the above given procedure for 8 recalculation the
modifled strain and diode values depended 10 a lasge
degree linearly from the input load and could be used for
the catibeation of the messurement devices (Jig /2). The
recaiculated €, / N curve for coupon type 7 resulted o
lower allowable strain or less numbers of cycles as
original (Fig 1)).
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Fig.12: Calibration of the diode using the 3dB-values
(5 = constant)

The allowable strain is reduced in the range of large
cycles up to factor 1.7 for this coupon type.
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Fig. 13 Bypyy/N curve of coupon type 7 with and without
lingar calibration

10. EFFECTS OF ACOUSTIC FATIGUE FOR THE
RESIDUAL STRENGTH

Further tests xerc performed for the verification of the
influence of acoustic fatigue on the reduction of the
residual strength. Cantilever probes of similar material as
used for the “ACOUFAT" coupons were excited until
the frequency dropped between ~ 0.5% to ~ 4% for
different samples. The results of the succeeding
compression tests are shown in Fig 14. Residual strength
tests of several coupon types (1] resulied generally
(Fiég 15) in the same behaviour, though the decrease of
the break stress of bolted skin structures seems to be

larger for the cantilever probes.
120 .
Npan pNgated
100 ~ e .
| .

g

o

Grost Stiess s % of Mean

0 ? . s
Prequency dnf* 1N

Fig 14 Resichoal strengih (compression) reswlts for
cntilever probes
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The tendency of the "ACOUFAT" results based only on
few tests is confirmed by the data above and the
conclusion from these results is to include the decrease
of the residual strength in the life time estimatés by
redefining the failure criterion as given below.

Provided the few measurements obtained for the bolted
coupon types are significant for the residual strength a
statistically-based material property, the B-basis value
{4] was calculated and used for the evaluation of the
compression test results,

The B-basis value gives dependent on the measured
values and number of measurements a lower tolerance
bound above which 90 percent of the population will be
with 95% certainty.

It is calculated by

= the sample mean based on n measurements
S = the sample standard deviation
kp= one side tolerance limit factor

; 00 - Mean unicaded : °
k] . e ‘ 8-Vave ’
B
B ] 80 : P " L)
! LI
40
[ A
20 . losded ALY
. | 34+
0. - . R ,
] 2 ¢ []

Frequency Drity (%)

Fig. 13 Results of compression sty of louded and
wlouded (npe 7 coupons)

Acsuming that 95% of the residual strength values have
1o be locaied above the B-bases value, at the example
sbove the (uilure criterverion arrives at a frequency drop
of sbout 0.1% instead of 2% as used . This effect leads
10 a reduction of the allowable strain by a factor 1.6.

11. EFFECTS OF MOISTURE AND
TEMPERATURE
With similar CFRP material as coupon type 7 stored in
humid enviconment (70°C/ 83 % hwnidity, 10 weeks),
endurance fests  were for 70°C/ 0%
humidity. The results show & reduction of the allowsble
sirsin by & facter 1.7 in the high cycle range which is
used for the coupon considered here.
The moisture alter siorage of the used mamwrial was
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about 0.6 weight percent and refering to the material
spezification about one third less than the "ACOUFAT"
material would have been assimilated in the same
storage environment at the same time.

The reduction in life time is due to the moisture and the
temperature as well. Therefore further tests for the
verification of the influence of the moisture ae planned
with wet material under room temperature conditions.

12. TOTAL REDUCTION FOR THE g, ¢/N -
CURVE

The emyg/N curve for the worst case is given

bypothetically below. Correcting for the effect of

0 @ty « non bnew
e afn e (1) goity o CORNL

® 110 e Rps Brengin EIREEE

3wt .M

U —— .- ——

damping, incorporating the revised failure criterion from
the residual strength tests and adding the influence of
storage and test in high humidity and high temperature
the overall reduction of the allowable strain is about a
factor 4 compared to the gn,o/N curve at room
temperature with the 2% failure criterion from
"ACOUFAT". These curves are given in Fig. /6 with the
Ems/N curves puplished in ESDU 84027 [5] Fig.3
(riveted specimens). The obtained results show a large
decrease of the original €py¢/N curve due to the
described effects. The effect of moisture and temperature
could be given by read across only.

l'llll.!!i —-- :‘;

(]
1
T
ACOUFAT Ceuoon Tyon 7 g'g

1,008« 0F 100800

N teveles)

FIg 16 €y N curvi for coupon tvpe * “ACOUFAT" determined with constom domping. covering the
inflwence of resuduwol strength and moisture / temperature.
Addnional with ESDU 8027 Fig 3 (CFRP) for comparison.

13. CONCLUSIONS
The performed investigations have shown, that

« the shaker tests indicate & nonlinear increase of the
strain  rates with the input losd due to the nonlinesr
damping mainly.

Thix effect can be taken into account foe thw calibration
of the transducers.

» acoustic fitigue leads to s reduction of the residual
strength. So (e the strength has been measured for
compressional loads only.

« compound structures (bolted skin/stringess) indicate

compared with cantilever probes a grester reduction of
the residual strength.

~ i order %0 take intv account the reduction of the
residual sirength, the applied failure criteria have w be
changed.

- the storage and testing of the specimens in high
humidity and high tempersture leads 1o a reduction of
the allowable sirsin (read across).

Further investigations should be carried out for the
vevification of the obuined results using probes of
identical materiul snd joints.
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BRITE-EURAM PROGRAMME : ACOUFAT
ACOUSTIC FATIGUE AND RELATED DAMAGE TOLERANCE
OF ADVANCED COMPOSITE AND METALLIC STRUCTURES
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F - 92552 Saint Cloud Cedex

1 SUMMARY

The Brite/Euram programme ACOUFAT is concerned
with *Acoustic fatigue and related damage tolerance of
sdvanced composite and metallic structures®. Three
main fields of the ACOUFAT results are discussed :

1 : The use of a “frequency degradation® cntenion,
usually spplied to classical metallic matenials and early
Carbon Fiber Reinforced Plastic (CFRP) matenals, is
not considered suitable, ax the only parameier, for
determination of CFRP specimen “falure” in scoustic
fatigue. It is suggested that a suitahle cnterion should
he based, in further work, upon the degrudation of the
mechanical propertiex of the specimens.

2 : On the bawr of Wind-Tunnel (WT) calibration
tests, & semi-cmpincal model of the spatio-temporal
charsctenstics of the sero-acoustic loads zerted on a
Nt panel by the turbulent fiekd created by 8 flap has
beens Jeveloped and utilised as “Load Data Inpwt* for
Finite Element (FE) cakulations. The WT wsts have
been remsonshly well represented : the development of
this semi-empirical model s an encoursging mitial
success. The results from the witial modelling suggest
that this can be extended W the modelling of the
scoustic losds ia Progresuve Wave Tubes (PWT),

3 : The sxcitation of structures by sero-acoutec loads
awy aot be simulsted Nlly in PWT, by wmply
awdifyng sad correctly shaping the spectrsl content.
The effect of the xpatial dudribution of the londing s
clearly dilferent in both caves snd the Wesed specimen
endurance may be mgmficantly differemt. 1t 1 clest
that » theoretical approech based o0 & correct
predichon of e reponses 10 bolk  types  of
environment 18 requited.

1 INTRODUCTION and OBJECTIVES

2:1 : Delinition and Ceneral Objective

The term ‘Acoustic Fangue® imples the strectend
fatigue coused by the pridomunantly rewment response
of smouctural components w0 rechoied wwound fekds
(Muctusting  presseres). Acomstic /  serodynamic
excitation aapects sre coupled with structural Jynsmic
behaviowt and endurance spocts.

The fundamental objectives of the ACCUFAT
programme were :

® to enhance the knowledge and the understanding of
the acoustic fatigue strength data of selected advanced
composite and metallic matenals,

* 10 develop the analytical / computational and expen-
mental methodologies applied (for dimensioning and
certification) to predict the fatigue life of modern civil
airceaft structures subjected to acoustic excitations,
The safety and the efficiency of aircraft operations can
be then improved and the maintenance couts of future
seronautical structures reduced.

2:2 ; Flalds of study

To improve the prediction of the acoustic fatigue life
of sructures. the followwng three muin srems are
studied :

- the loads asppliod o the snitures (dynami
characteriatics of the scoustic excitabon),

- the structural dysamic reapomse evalustion which
provides siressss g and frequencies

- the acoustic futigue sirength duia for the mutenals
and the stlectod designs (nvets, ...).

Stres levels + Frequencies + Acowtic fatigue
strength data ~ Fatigue Kfe prediction

For vach sren, techaical objectives have hevn defined
with caperimental tasks (caliration) and theoretical
taks (prediction).
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2-2-1 : The Acoustic Loads Evaluation :

At present, the aero-acoustic loads data is limited and
is described mainly in the time domain. To simulate
the response of structures saccurately, the space
distribution of the acoustic field is required.
Consequently, the results of acoustic tests which are
performed using Reverberant Chambers or Progressive
Wave Tubes , may not, structurally, be representative
of the effect of the real aircraft flight environment.
Work performed : On the basis of Wind-Tur
calibration tests, a semi-empirical model of the spatio-
temporal characteristics of the aerc-acoustic loads on a
flat panel by the turbulent field created by a flap
(simple configuration of a typical turbulence) has been
developed and utilized as "Load Data Input" for Finite
E'ement (FE) calculations. Furthermore, with the same
panel, investigations were conducted in the PWT to try
and match the strain spectral densities obtained in the
WT. These significant parts cf the ACOUFAT results
are detailed in sections 4 and .

2-2-2 : The Structural Dynamic Response
Evaluation (Srms stresses and frequencies) :

At the present, the main available computational
methods for the calculation of the structural response
are FE dynamic analysis taking into account the aero-
elastic or the acoustic coupling with the fluid.

Work performed : Several computer codes were
available for this study. Their ability to deal with the
problem have been recognized by comparison with
each other and with test results. Non linear dynamic
behaviour, which is apparent in structures at higher
acoustic loads, can also be simulated.

These assessments improve predictive capability,
define the analysis assumptions and provide rules of
use. They are the necessary support to the testing
activity planncd in this program.

2-2-3 : The Acoustic Fatigue Strength Data for the
selected materials and the associated designs (riveted,
bonded, etc...). For advanced metallic and composite
maerials, the standard acoustic fatiyue strength data
such as S-N endurance curves and da/dN or dA/N
curves, crack or damage growth rate data, are limited
at the present.
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Work performed : Standard S-N endurance curves
have been developed for 5 selected advanced matenals
(2 CFRP + GLARE + Aluminium-lithium + SPF-
DB Titanium) with different specimen designs
representative of aeronautical structures (= 600
coupons tested by shaker excitation + 6 large panels in
PWT). The commonly used methodology for this type
of test has been critically analysed. This significant
part of ACOUFAT is detailed in section 3, but limited to
the CFRP materials.

On the basis of these tests, analytical work conceming
the damage initiation and the damage propagation /
accumulation has been also performed for CFRP
materials.

2-2-4 : Furthermore, the syuthesis of this Pilot Phase
study has enabled major recommendations, related to
the qualification methodology (testing strategy and
calculating strategy) applied to aircraft areas subjected
to acoustic loadings.

3 RANDOM VIBRATION ENDURANCE
INVESTIGATIONS FOR CFRP - MATERJALS

3-1: Presentation

The endurance data produced is detailed in other
papers and published by the ACOUFAT partners
involved in this activity. This section is focused only
on the main results and recommendations related to the
Carbon Fiber Reinforced Plastic (CFRP) materials.
Two of the main purposes of the testing activity were :
* to elaborate the standard endurance data of typical
designs from CFRP materials with simple coupons
tested by random excitation on shaker,

* to assess this standard endurance data by comparison
to large panel tests to verify if accurate life prediction
of aircraft panel / stringer constructions subjected to
acoustic loading, can be made using simple coupon
tests.

3-2: Coupon Tests by Shaker Excitation

From the standard engineering publications (e.g.
ESDU Acoustic Fatigue Volumes), only very limited
information is available for CFRP. Nevertheless these
ESDU data were considered as the reference for defin-
ing test procvdures and for comparison of the results.
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3-2-1 : Tests definition :

Selected CFRP - materiais : T800/924 and HTA/6376
(- 50°C, RT, 80°C, 120°C)

Typical coupons designs L- and T- shaped
stringer/skin coupons, with riveted stringer, skin
with/without cocured landing or skin with taper, and
skin with/without initial damage.

Excitation : unimodal vibration using a narrow band
random load spectrum, centred around the specimen
Ist bending mode frequsncy determined from a sine
sweep, to assure that the bandwidth of excitation
always covers the response spectrum.

Either the loading level in terms of specimen-strain (or
defleciion) was kept constant or the specimens were
testad at a constant g2/Hz - level. Since the required
stinin Jevels exceeded shaker limits, tip mass was
auded to the free ends of specimens.

Failure criterion (ist reference) : 2% drop in the
settle ] natural coupon frequency. Nevertheless,
ramber of tests were continued until visible damage
was detected.

3-2-2 : Specimen damage & NDT investigation :
Some CFRP specimens have been tested either until
complete failure or only until fulfillment of the 2%
criterion, for high and low excitation levels. NDT
inspections revealed similar damage in all specimens :
1. For the HTA/6376 specimens with a step landing,
separation of the landing edges across the coupon
width (separation length = 10 to 20 min on each side).
2. Development of sub-surface delaminatiors around
rivet holes.

3. Development of delaminated surface strips from the
rivet holes, growing in a direction to ward the
specimen ends (outer ply direction).

4. Possible development of sub-surface delaminations
at the edges of the coupons, near tapered regions (edge
effect).

5. Most of the surface delaminations occurred on the
outer skin side.
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Figure 2 : Typical delamination areas, with CFRP
T800/924 coupoens
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6. Consequence of the damage extension, is observed a
rapid decrease in bending stiffness, particularly at high
excitation levels.

Discussion :

- Coupons with initial damage have been tested. But,
from these tests it was impossible to produce
meaningful dA/dN data for continuous delamination
growth, as it was oniginally planned.

- The delaminations around the bolt region are
considered to be of a type that is likely to occur in
panel attachment regions. Delaminations at the free
edges (4.) of the coupons are obviously failures that
would not occur in panels. These edge delaminations
can affect the coupon stiffness and, unfortunately, any
frequeacy drop criterion.

3-2-3 : Specimen settling characteristics :

Generally, the metallic coupons do not exhibit a
significant "settling phase”. From the CFRP coupons
tests, several types of settling characteristics were
observed.

- The HTA/6376 coupons with a step landing showed
a fast drop in coupon frequency due to the separation
of the cocured step landing from the skin :
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- The predamaged HTA/6376 coupons demonstrated a
significant settling phase which consisted of a sharp
reduction in frequency followed by a more gradual
decrease until the onset of linearity :
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Figure 4 : Frequency / time plot
HTA/6376 coupon without landing
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- The T800/924 coupons with smooth taper in the
bolied region, had a reduced settling phase with a
gradual change in frequency before the onset of
linearity :

o H‘Z’ TYPE 2 SPECIMEN (RT, 1€6 TEST POINT)
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Figure 5 : Typical frequency vs time plot
T800 / 924 coupons, with smooth landing

Discussion :

- In some cases, it is difficult to determine where the
actual settled point occurred (major problem when
applying any frequency drop criterion).

- The phase of settiing i5 influenced by several effects
and msy be attributable to micro-cracking of the CFRP
material, clamping arrangement, joint interfaces or
propagation of delaminations within the specimen. For
coupons with cocured siep landing, the settling phase
is obscured by the effect of the separation of the
landing from the skin. Further investigations are
required to establish the mechanisms which contribute
to the CFRP specimen settling.
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3-2-4 : Specimen strain distribution :

The strain distribution on the skin is complex (see
figures 6 and 7) but it must be correctly determined to
define the reference Srms in the S-M curves. The
reference location was, by convention, the expected
maximum strain value location which can be different
from the failure position.

Discussion :

- When determining the reference strain by static
calibration, the two levels upwards and downwards
must be averaged.

- Due to the effect of stacking sequence, a slight
rocking motion of the specimen may occur and cause a
strain gradient across the specimen (see figure below).

- The strain distribution in the thickness should be
taken into account for each ply (through thickness €;;
and €j; , classically evaluated e.g. for static bending
tests).

- Where the strain gradient is high, the mzasured value
can be dependent on the gauge size (integration
length).

- The strain distribution can be modified during the
fatigue test by damages, =.g. delamination of the
landing.

- There can be a significant diff=rence in the level of
measured strains during the strain- and l»ad-monitorec
tests (the €, increase with time).

Figure 6 : Measured strain distribution for L-shaped
HTA /6376 coupon with landing

Figure 7 : Measured strain distribution for L-shaped
HTA /6376 coupon without landing
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3-2:5 :Endurance data :

The S-N curves have been established on the basis of
the 2% reduction frequency criterion. To decrease the
number of tests, these S-N curves we.e assumed to be
straight regression lines (as presented in the ESDU).
Testing performed on the CFRP materials,
demonstrated that the endurance marginally decreased
with increasing temperature.

The endurance of the predamaged coupons was similar
to the nadamaged type.

Discussion :

~ The main difficulties encountered to value the "Srms"
strains and the °*N® number of cycles have been
discussed § 3-2-4 and § 3-2.3.

- At 2% drop in settled frequency, all coupons
revealed various regions of delamination .

~ Nevertheless some specimens (tested up to failure)
demonstrated that there is corsiderable fatigue life in
the CFRP specimens after the 2% criterion (this is also
the case for the tested GLARE specimens and the
Aluminium-Lithium specimens).

- Consequently, the use of a "frequency degradation®
criterion, as the only parameter, was not considered
suitable for determination of specimen "failures”. It is
suggested that a suitable criterion should be based
upon the degradation of the mechanical properties
which can be determined by by residual strength tests
of the specimens.

3-2-6 : Residual strength tests :

Additionally residual strength tests were carried out by
applying compression loads to the skin. Even after
severe acoustic foading, these tests (only rITA/6376)
demonstrated that the remaining static strength is :

- greater than 80% of the initial strength if the load
direction is along the stringer axis

- about 70% of the initial strength if the load direction
is perpendicular to the stringer, at 2% frequency drop,
despite that there was no evident visible failure in
SOme cases,

Discussion : These tests were a first attempt to
evaluate the degradation of the mechanical properties.
Further investigations are required.

3-3 : Endurance Tests of CFRP Panels in PWT

The design of shaker coupons is dictated by the
assumption that panel behaviour can be adequately
represented by the dynamic behaviour of a thin strip.
To validate the coupon test-results and the coupon
testing procedure, one T800/924 panel and one
HTA/6376 panel have been fatigue loaded in PWT.
For the 2 panels, the main damage areas were located
in the skin, above the rib-stringer intersection. This
type of damage was explained (and quantified with the
support of F.E. calculations) by the effect of the out-
‘of-plane loads induced by the suspended mass of the
stringers which had no direct connections to the ribs,
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In these areas, the shains €;; are lower than those in
the midcle of the long side bay which is the classical
critical location in a panel.

Figure 8 : Classical critical location in a stiffened
panel and observed damage area for the CFRP panels.

Discussion :

- No coupon tests were representative of this type of
damage (the coupons were designed to study the in-
plane bending effect, not the out-of-plane loads
effects). Consequently no endurance comparison could
be evaluated between panels and coupons.

- These results outlined, while using new matenals or
new designs, the absolute necessity of maintaining
large panel tests in PWT for identification of the
possible failure modes and of the damage-
developments with a multi-mode dynamic response and
miulti-axial stresses.

- To reduce the test-duration (for financial aspects), the
test-excitation load level is generally increased from
that of the aircraft. In fact, the damping-levels and the
non-linear membrane effects increase with increased
load input levels. This can modify significantly the
strain-distribution and the strain-ratic  between
different areas of the panel. The aircraft endurance
limit cannot be then simply deduced and non-linear
dynamic F.E. calculations must be performed to
evaluate it correctly.

34 : Recommendations for Random Vibratiun
Endurance Tests

(i) : Further work is required to investigate the reasons
for the "settling phase® observed in CFRP materials,
{ii) : A suitable criterion is required for all types of
specimens tested, possibly based on residual strength
characteristics of the specimen. In the meantims,
current data should be fully documented for use (i.e.
with initial frequency, strain, input load and dumiping,
plus damage-analysis),

(iii) : An assessment of coupon failures compared to
complex structural failures is required in order to
validate the usage of current coupon designs and
endurance data,

(iv) ¢ Non-linear aspects must be evaluated whea
testing with enhanced acoustic load tevels,

L
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4 AERO - ACOUSTIC LOADS STUDY :
Experimental and Analytical Results

4-1 : Presentation

Acoustic fatigue failures have occured in structures
lying close to, or in the path of, the jet efflux (acoustic
excitation with a large correlation length). Similar
failures have occured in other regions of pressure
fluctuation such as within the intake duct of fan
engines, close to propeller tips and in regions of
separated flow near control surfaces, such as elevators,
flaps, rudders, or near items such as spoilers which are
used on some aircrait during manoeuvres (acoustic
excitation with a reduced correlation length). But, at
present, aero-acoustic loads Jdata are very poor. There
is no general data base and the available data concern
mainly the time fluctuation, rather than the space
distribution which, nevertheless, is strictly essential to
calculate the structural response.

The objectives of the ACOUFAT programme in this
field of study were :

- to develop a semi-empirical model of aero-acoustic
loads, in areas of separated flows, with space
distribution and time fluctuation, on the basis of
informations collected from the open literature, and of
the pressure measurements obtained by tests in Wind-
Tunnel (WT),

- and to validate the use of this model as "Load Data
Input® of Finite Element (FE) calculations to simulate
the dynamic response of a test-box, representative of
aircraft structures.

4-2 : Experimental Study of the Acoustic Loads in
Areas of Separated Flows (Wind - Tunnel Tests)
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Figure 9 : Location of pressure measuretaonts

Separated flows were generated by placing a test set-up
into the S1 - Modane ONERA Wind Turael. When
operated at transonic speeds, a turbulent prossure field

is developed behind an elevated spoiler. This
configuration was chosen to simulate actual flight
conditions, where separated flows occur behind control
surfaces such as spoilers, flaps, speed brakes, etc...
(simple configuration of a typical turbulence).

In a Ist step, a measuring plate containing 40 pressure
sensors (Figure 9) was installed behind the spoiler.
The fluctuating pressure field in the area of the
recirculating bubble behind the flap was evaluated for
different flap sizes and Mach numbers.

Each individual sensor signal was evaluated in terms of
pressure spectral density and selected pairs of
microphones were analyzed with respect to their
coherence. Typical results are shown in Figure 10 for
the pressure spectral density. The plots indicate high
intensities in the frequency range around 100 Hz with
a rapid decay towards the higher frequencies. The
maximum intensity and the corresponding frequencies
depend on the test configuration which is given by
Mach-number, size of spoiler and location of pressure
transducers. However, all spectra exhibit a continuous
energy distribution due to the randomly fluctuating
pressures.
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Figure 10 : Wind-Tunnel tests : Typical Pressure
Spectral Densities (Pa?/Hz) vs Frequency (Hz)

Coherence functions have been produced between
solected pairs of microphones and typical plots are
shown in Figure 11 (real and imaginary parts of the
coherence functions). They indicate that the spatial
coherence is generally very low. This implies that the
microstructure of the turbulence field contain & high
number of uncorrelated eddiec. T

The basic experimental data recorded in the frame of

thess WT testy; are the reference data for elanotating & -

mathematical model f the Iatistical characteritics of

_ the excitations. -
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Figure 11 : Wind-Tunnel tests : Typical Correlation
Factors (selected pair of microphones) vs Frequency

4-3 : Experimental Study of the Associated
Structural Response

In & 2nd step, a calibration test box (i. e. a stiffened
aluminium panel, representative of aeronautical
structures) was mounted in the WT, in place of the
measuring  plate containing  pressure  seasors,
downstream the previous deflector.
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Fijture 12 : Location of strain gauges on test box

The »tructural response of the test box was identified
by 16 active strain gaugss on the panel, for the
aerodynamic configurations studied in the first step
(different flap sizes and Mach numbers of § 4-2).
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4-4 : Analytical Model of the Aero-Acoustic Loads
in Areas of Separated Flows

The aim of the present analytical work was to develop
a semi-empirical model to calculate the spectra of the
spatial and temporal correlations of the acoustic
pressure associated with fatigue loads, for comparison
with experiments of panel tests in WT (and
additionally in PWT). The modelled Cross - Spectra
law can be then used as load input for FE calculations.

In both cases, WT and PWT, a statistical independence
is invoked to split the space-time spectra into factors
conesponding to temporal spectra and spatial spectra
in each dimension e.g. longitudinal and traverse. The
simplest case is the test in PWT which, under the
restriction of linear sound, lead to similar spectra in all
space-time dimensions (see section 5). The case of test
in WT leads to progressive complications : a modified
Gaussian correlation of phase shifis leads to spectra
which are still stationary, but involve Hermite
polynomials, besides Gaussian functions ; the
positioning of the observer close to a flap of finite
span leads to non-stationary spatial spectra, involving
error functions as well. All together is obtained an
hierarchy of spectra, the simplest of which depend on
the rms phase shift and correlation scales (time and
lengths) and excitation parameters (frequency and
wave numbers). Multiple scattering involves the
double reflection coefficient and non stationary
correlations introduce geometric parameters into the
exact and asymptotic evaluation of spectral integrals,
which generalize the Gaussian type.

The final equation used to determine the normalized
Cross - Spectra law, input as losd data in FE
calculations, is presented Figure 13.

This model involves 8 sami-empirical parameters
(underlined twice). On the basis of the transducer-
responses obtained during the WT tests, the valuas of
the 8 parameters were defined in such a way that the
computed Cross - Specirs could be thought to be
identical to the measured one.

As Figure 14 shows, the meantrend of the real and
imaginary parts is acceptable. The poaks which appear
in the experimentsl dala cannot be modelled.
However, the imaginary part seems not to stick to
reality as good as the real part does.

Along the bandwidth [0-2000 Hz], the Cross - Spectrs
value tends to decreass ard that's what was noticed
during the experiment as the Figure 14 shows.
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Figure 13 : Semi - empirical model of the normalized
downstream the spoiler (Wind Tunnel tests).
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Figure 14 : Comparison Test/Model of the normalized
Cross-Spectral densities of flvccuating pressures in WT

4-5 : Similation of the Structural Response by FE
Calculations : Computationul Strategy

The test panel was modelized : the FF model displayed
congists in 7400 nodes and 38400 degrees of fruedom.
This FE model was statically and dynamically adjusied
by experiment.

To predict the dynamic random response of this
structure with the Finite Element Program ELFINI,
was followed a computational strategy in which
computations are carried out in two stages :

Ist stage : Computational grid

The excited surface of the structure is divided into a
number of subsreas or elements (the computational
grid is a conino mesh in comparison the structural FE

ne al

My %J 2! Myg.y-(2p-11Hpg ) Hia2x...
p a.. 2p-1 P
( : i

Hermite Polynomials .

Cross - Spectral densities of the fluctuating pressures,

mesh). To each element of the grid is associated a
Pressure Spectra Density definition. The PSD of
pressure are assumed to be uniform over each grid
element and perfect spatial correlation is assumed
between any two points lying within the same element
(in-phase condition). The correlations between grid
elements are defined by the Cross - Spectra. The
pressure and the Cross - Spectra density definitions can
be defined by measured data or by an analytical model.
The complete power spectral matrix of auto- and cross-
spectra for this multiple-pressure input system is then
established, on the basis of the measured (or predicted)
auto- and cross- spectra.

2nd stage : Projection on the FE model

The pressure load (the Power Spectral Density and the
Cross - Spectra) of each grid element is projected into
basic loads on the FE model of the structure.

The PSD of stresses and accelerations at given points
are then carried out, from selected elements of the FE
model, with the above projected prexsure and the
associated power spectral matrix, as load input.

4-6 : Evaluation of the Analytical Mudel as Load
Data Input for FE Calculations

To evaluate the analytical model, the previous
computational strategy was applied twice, to simulate
the structural response of the panel :

Ist simulation . with the experimental Pressure
Spectral Density (WT test measuremenis; and with the
experimental Cross-Spectra (WT test measurements).
The computational strategy of § 4-5S was applied with
the measured pressure field as input on the grid.

The damping levels were determined from an analysis
of data which respected the proportions of the different
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moxles for a sare gauge, the ratio of a same mode for
diffcrent gauges.

The results (PSD) of the strain-gauge JS (see location
on Figure 12), representative of the panel behaviour,
are shown on Figure 15b. The calculated PSD
diagrams (Figure 15b) are in good correspondance
with the measured PSD diagrams (Figure 15a).

2nd simulation : with the experimental Pressure
Spectral Density (WT test measurements) and with the
analytical Cross-Spectra (analytical model).

The analytical model was input as Cross - Spectrs law
on the computational grid of the acoustic loads.

The results (PSD) are shown on Figure 15¢ for strain-
gauge J5 : they are very close to the results obtuined
with the WT data (Figure 15b). Despite that there is
only partial agreement on correlation spectra, one
could be surprised at the better agreement on panel
response calculations. A possible explanation is that
the model and measurements agree in the range of
frequencies where are located the main resonances of

the panel.

From the panel response, we can infer that the
analytical model of pressure field is of good accuracy
and allows the behaviour of the panel to be predicted
inside the WT.

4-7 : Conclusion

A semi-empiricsl model of the acoustic loads,
downstream a spoiler, has been developed from the
WT exporimental data. This model was used a5 the
analytical loads input to FE calculations, to simulate
the test-box response. Based on initial success of this
work, the following is suggested :

- to refine this type of model and extend it to ather
types of acoustic sources encuuntered by asircrsft in
m' nw‘“:

- to develop this made) for the classical teat facilities,
in particular for the PWT's which should remain the
standard test facility for reason of cost and svailability.

§  TESTING of STRUCTURAL ELEMENTS
in WT and in PWT's

$-1 : Presentation

Testing of large scale structures to aero-scoustical
loads is impractical and potentially very expensive.
However, there is & need 1 validats the integrity and
endurance of structural elements subject to a variety of
acoustic loads. One option available to aircraft
manufascturers is to perform tests on structural
elements where the acoustic environment is simulated
in 8 Progressive Wave Tube (PWT) facility i.e. a duct
capable of genersting a controlled unsteady pressure
field. To determine the acoustic fatigue life of aircraft
structures, which are a function of ground and in-flight
conditions and the associsted aircraft in use, a method
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s fig. 15a : strain gauge J5
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Figurs 1S : Wind-Tunne! tests : PSD of the reponse of
the strain gauge JS : Comparisons between :

fig. 15a : JS test results (measurements),

fig. 15b: FE computations with pressure measur-
ments as load input,

fig. 15¢ : FE computations with the analytical model
as Joad input.

of read across between the PWT and awrcraft responses
in required.

$:2 : Study of the Acoustic Loads and of the
Associated Structurul Response
For this purpose, a stiffened aluminium pancl (the one
used for the sero-acousic loads study - see vection 4)
was used to study its structursl response under
different types of acoustic loads.
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Ist test-phase : In the first piise. the test panel was
mounted into the Wind Tunnci (W7, aud excited by a
turbulent pressure field which was geacrated by an
upstream spoiler. This configuration wus ricscribed in
the previous section 4, related to the acro-acoustic
Joads study (see Figure 12),

The structural response of the pan.’ was investigated
by 16 strain-gauges. Pressure field spectra for one of
the test configurations (flap size, Mach number) were
used as reference levels for the following PWT tests.

2nd test-phase : After the WT tests, the panel was
mounted into a first PWT ("PWTI"). Investigations
were performed to establish response of the panel at
the reforence levels and, if necessary, to modify the
applied acoustic spectrs in the PWT to match the strain
spectral densities measured on the panel in the WT.

3nd test-phase : Finally the test-panel was subjected to
a similar test campaign in 8 second PWT ("PWT2").
The test data were reduced to the same standard so that
all three test facilities could be compared in terms of
their exciting pressure fields and their induced
structural responses.

5-3 : Loading Actions in WT and PWT's

5-3-1 : The pressure spectra obtained in the WT under
separate flow conditions are characterized by high
intensities &t frequencies below 200 Hz, with a sirong
docay towards the higher frequencies. Even with this
decay, & continuous energy distribution due to the
randomly fluctusting pressures is present for all the
test-configurations (see Figure 10). The spatial
coherence of the pressure field is generally very low
depending on the local flow conditions which contains
 high number of uncorrelated oddves (soe Figure 11).

5:3-2 : Compared with the smooth curves of the
energy disiribution in the WT, the pressure specirs,
measured 1n the two PWT's, exhubit pronounced peaks
which are due to internal acoustic resonances (standing
waves specific of the duct geometry and rigidity) (see
Figure 16). Furthermore the correlation factors of the
SOUSc pressure are very high : the ol prexsure
field is almost in phase in the PWT s (soc iigure 17),
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~ Figure 16 : Typical Pressure
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Figure 17 : Typical Correlation
Factor Curve in PWT
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5-4 : Structural Response Characteristics (Main
Results) :

One main objective was to compare the structural
response of the test-panel under WT- and PWT-
excitation and to define, if necessary, a testing strategy
to get the same structural response in both cases. The
comparison was performed on the Power Spectral
Densities of the strain-signals, in WT and in the 2
PWT's. The comparison has been focused on 2 (of 15)
representative strain gauges : Si0, St1 (see Fig. 18).

34-1 . The test-panel has & multi-modal vibration
response, where the dominant modes occur in the
frequency range 400-800 Hz. It is apparent for S10
that only 2 of the dominant modes, at S15 & 545 Hz
can be significantly excited in the PWT's, in
comparison 10 the 4 being excited 19 the 'WT at 440,
47S, 515 & 560 Hz. On S10, the high spectsel peak at
475 Hz (in the WT) could not be excited in the PWT
(sec Fig. 18).

For §11, only 2 of the dominant modes, at 520 & 720
Hz can be sigmificantly excited in the PWT's, in
comparison to the 4 being excited in the WT at 385,
425, 520 & 720 Hz. However, in this case, the highest
spectral peak was excited (soe Fig. 18).

Other strain gauges also show similar charactenstics.

$-4-2 : Narrow band excitation : To match WT
excitations at strain gauges numoer 10 & 11, there isa
fequirement to excite panel modes at 440, 475 Hz for
gauge 10 and modes at 385, 428 Hz for gauge 11. For
this purpose, narrowhand excitation was restricted to
hetween 400 and 392 Hz center frequencies. However,
this resulted in forced vibrations of the panel. together
with excessive respunse al resonant conditions.
Conmquently, it was not possible to define & testing
siralegy (0 obiain the same structural response in the
PWT's as in the WT.

$-4-3 : FE cakulations support : Frum a survey of the
Finite Element analysis work it is apparent that the
symmetric modes of the panel are being excited in the
PWT, whereas both symmetric and anti-symmetric
modes were excited in the WT,

More genenally, the study of the influence of the
currelation factors on the dynamic response was
simulated by FE calculations. It confirms thai, whea
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Figure 18 : Dynamic response of
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Strain Gauge 10 Strain Gauge 11

the test - box in WT and in PWT's J
N
PSD of strain gauges 10 and 11 ’ -
(see location figure 11) © ]
(microdl /1) **2/Hz: =
* £
- [T
~e
Figure 18a : measurements in the i -
Wind - Tuanel A #a L W
- » - had - bt ° » 0 L _J - -
| 1 LL v
H 4 } ;
} RREEN f L ' . [
T 1 H
Figure 18b : measurements in the : e
Progressive Wave Tube n° | ;
§ 1L " o
A da 1l - [‘1 Jf;‘““ T

m—

004 amer
o ram

Figure 18 : measurements in the ’
Progressive Wave Tube n® 2

Correlation | Factor: 0.3 Correjation Factor : 0.8
Anti Sym. Sym. mode Anti Sym - Sym. mode
mode > | o mode \
u ’ . - L 3 - - . - - - - :n—*t“J

Figure 19 b:_i;it—me Element simulation of the influence
Companson of the PSD response of steain gauge 1, for

of the correlati 3n factor on the structural response :
two correlation levels : 0.3 and 0.8

the correlation level incresmes from low value (0.1) to
higher valves (1.). the symmetrizal pancl modes
dominate whereas the anti-symmetrical modes reduce
{sve Figure 19).

$-S : Conclusions :

5.5-1 : Even with a simple structural and serodynamic
configuration, the phenomens involved are already
rather complicated. Several fundamnental mechanisms
apposr 10 be simultancously sesponsible for the
fluctuation pattern on the panel. Representing the
siatistical charscteristics of the pressure fluctustions (ia

WT and PWT) with & mathemutical model roquires
extraction and modelling of thess fundamentsl
mechanisms from the availuble experimental data.

$-5-2 : Comparing the characteristics of excitation in
the PWT's with thoss in the WT, some sigmficant
differences are obssrved. Wheres the pressure spuctral
density in the WT is continuously distnbuted with
high intensitive at low frequencies, the PWT"s exhibit
very peaky spociral densities, dus 10 internal acoustic
resonances. Furthermore the coherencs of the
fluctuating pressures is very much higher in the case of
the PWT's compered with the region of separsted
flows in the WT,
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Owing to difference. in structure accustic coupling
between the progressive wave field o1 the PWT and
separated fic'd in the WT, different modes will be
excited and hence spect | levels are differ-
Consequently tae enduranc  of the tested specii. .a
may be sign. ficantly different.

Narrow band excitation has been used to try and excite
modes which would otherwise be excited :n the WT :
this has resulted in forced vibration of the panel and
excessive forcing at resonnance. 'n consequence, it
was not possible to d: ‘ine a testing strategy to obtain
the same structural response in the PWT's as in the
WT.

The kmowledge of this difficulty is considered as one
of the main ACOUFAT results.

5-5-3 : This work will provide 3 valuable basis for the

‘carance of structures to acoustic enviroaments in
PWT, especially when it is respected that the aero-
acoustic clearance of large scale structures s both
impractical and expensive.

¢ CONCLUSION

Throe main aspects of the ACOUFAT programme have
bheen invest pated and discussed.

6-' : Standard Random Vibration Endurance Data
for CFRP Muterials

The use of the “frequency degradation® crsterion which
is commonty applied ax standard endurunce Limit of
clasical metallic materials, has heen evaeluated tor
CFRP materisls. This ‘“frequency degradanon’
cnterion, as the only parameter, was not conside. od
siable for detennination of specimen “failures”.
Further work 1» required to investigate the reasons fuc
the “settling phase® observed in CFRP materials [t
wiax thought that a suitable criterion should be hasod
upon the degradation of the mechanical propertes
which caa be determined by rexidual strength tests of
the spacimens.

Furthermore, an  amessawal of coupon failures
compared to complex structural failures is required in
order 10 validate the usage of current coupon dexigna
and enduruxe deta.

6-2 : Aero-Acoustic Loads Study (in WT)

On the basis of Wiad-Tuanel calibrution tests, 8 vemi-
empirical model of the spatictlemporsl charscteristica
of the seto-acoustic loads envrted on & flal panel by the
turbulent field created by a flap (nmple configuration
of a typical turbulence) has boen developed and
utilized a8 “Losd Deta Inpwt® for Finite Element
cakulations. The WT teuts have been reasonably well
represenied : the development of this semi-empirical
model of the speliv-lemporal charscteristics of the
sero-acoustic loads is eacoumging with this iaitial
success. The resuits from ihe initial modelling suggests
that this can be extended to modelling the PWT loads.

6-3 : Testing of Structural Elements in WT and in
PWT's

By the ACOUFAT -tudy, it became clear that, even for
a simple aerodynawnic configuration, the excition of
structures by aero-acoustic loads may not be simulated
fully in PWT, by simply modifying and correctly
shaping the spectral content. The effect of the spatial
dustribution of the loadine is clearly different in both
cases and the rested . imen endurance may be
significantly different. It is clear that a theoretical
approach based on a correct prediction of the responses
to both types of envirnament is required. If this could
be achieved, then it muy be possible to design acoustic
tests in the PWT (perhaps by applying narrowband
acouslic  excitation with additional mechanical
excitation) that would excite struct.ares to the same
level and spatial stress / strain dist: :hution even in
individual modes of the structure.

6-4 : Since the ultimate aim is to dimension and to
qualify structures subjected to scoustic loads, FE
calculation coupl. d to luad input models would be the
preferred solution to establish a valid comparison of
the stru. :ural behaviour in real flight conditions and in
PWT or other ground-t- <t eavironment (i.e. different
couphing fluid / struct. .. ,. For this purjrose, the FE
calculatiun is the only available valid tool.

6-3 : The results of this .\COUFAT programme have
convainced all the pertners of the necussity to
coopenate, 1o achieve and extend on the fundzmental
work relatad (o the above srvas.
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Summary

The Glare laminates being new type fibre metal laminates with
promising fatigue behaviour are evaluated for their acoustic
fatigue properties. In the investigation, the endurance data are
developed by using shaker test specimens. Since the Glare
laminates muke use of lay-ups and metal bonding. the influence
of the laminate lay-up configuration and temperature on the
acoustic fatigue strength is investigated from the shaker test
results. Four types of shaker specimens are used in this
investigation: plain cantilever. riveted skin-stringer, bonded
skin-stringer and rib-mode vibration spacimens. Two stiffened
Glare skin pancls are tested in the Progressive Wave Tube
(PWT) ot IABRG. The panct testing indicaws the importance shio
of the socondary structure in the acoustic eaviropment, although
the Glare skin iself docs not show any damage.

INTRODUCTION

To meet (e sthngent safety and damage wicrance regulations
for the aerospace vehicle, there has been considerale resesrch
© develop new matenals wiich have high (atigue and damage
lerance properties. Uning the light weight and high strength
fibwe rernforced plasticx. the composttes are dunigned 1o reduce
the struchral weight of aercapace vehicles consderably. The
compositer afe shown 1o be weuk in impact-damagy bletence,
this 1 ant & senovs problem for metallic malenals unce they
are wually formable and underge o large plast deformatinn
before fasiure. Combination of the hgh sreagth fbee resnforond
plastics wih metalie layers s 2 good recept 0 bolier the
sabic an well an fatigue strength of the matena). Since tere u

whstillened plates we snalytcally performsd (). The Cathos
Eitve Remforcud Qomponsies (CFRC) stracted 8 fot of attentnn
due 0 i igh spcdic sl srvagh The mvestigatns of
8s 8 visble mecralt matenssl & sho eitended © Yo
ot {atigue sirength [6.7]. The fibre metad lanvinates are of
tocont nrgin albough #.2 concepd el i3 okd. The mvestigation
wio B soube faligue hebaviour of fibee metal laminatis
ention s foswsed vw one type of fibee
mmom

l}
L
4

A Glare laminate is built-up of 8 number of aluminium and uni-
directional Glass Reinforced Plastic (GRP) layers, as shown in
fig.1. The GRP layer is lighter and stronger than aluminium
layer. Howsver, due 10 the presence of the Jow modulus epoxy
matrix malerial, the average clasticity modulus is lower than
that of aluminiom. This sspect is important for the stiffness
related problems such as buckling or structura) response due o
dynamic or acoustic loading. This is all the more reason
investigate into the acoustic fatigue behaviow of Glare
laminates if they are 10 be applied to structural parts prone o
acoustic fatigus. Sincs the fibtre metal laminates use a large
proportion of matrix material, the materisl damping behaviour
of the Arall laminstes is investigated [8]. The investigation
showed that the material damping is improved. but its value
compared 1 the tolal amnunt of structural damping s sull
negligible. The general fatigue behaviowr of fitke metal
laminaies is thowed 1 be supenor 10 the sluminium alieys [9].
The acoustic fatigue tehaviour is not investigated for thess
laminatex until now. and a first atternpt is made here ©
investigaie inlo the acoustic atigue behaviows of Glare
lamunaies mainly by mesns of testx.
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performed at NLR [11] and at Fokker [12] on Glare coupons.
To evaluate the design implication to Glare panel, two typical
panels are designed by Fokker and tested at the PWT test
facility of IABG in Munich [13]. This paper deals with the
results obained by the above mentioned tests and their
consequence to the future design in Glare laminates.

SHAKER TESTS

Due to the presence of matrix material in the GRP, the elasticity
modulus is lower than that of the aluminium. At the same time,
the matrix material can contribute 10 the material damping. The
temperature influence on the Glare material is imeresting to
cvaluate since the matrix material and the bonding strength can
be essily affected by the temperaturs fluctustions. Three
operating iemperatures, -50°C, RT and 80°C, sre chosen for the
tests. Another interesting aspect 10 Glare masrial testing is o
evaluate the influence of the laminate lay-up. A stffened Glare
skin panel being subjected to acoustic loading responds o
vibration modes which cause relatively higher bending stresses
at the attachment locations of the skin with the stringer or the
frame. Typical coupon configurations are chowen 1 represent
the joint design and also the vibeations modes under acoustic
loadings. The panel vibration mode at the attachment causes
bending stresses in the skin. The skinmode vibration tests
establish the fatigue strength of skin &t the stninger o frame
joints. But. the secondary perts attached to the skin can abso be
vulnershie 1o fatigue damage. The nb-midde vibeation tests
establh thw fatigue strength of the socondary parts, which are
stngers and nbs (or frames) w the stiffened panehs.

Summannng. e coupons are waed with the following
venations:

1 Tiuwe lanunaie lay-ups are Wsind.

2 The coupons arv lested a2 thees lempuratires, $5°C,
RT and MO°C.

b X Two typwal vibestion modes. oo 0 dn-made
vibsstwn and bt i tb-mode vilvalen, ae
osted.

4 The cwipoms ae lested with donded or nvewd
suffeners
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Fig. 2 Plain specimen

Glare cunpun specimenn

The details of e lumunate lay -ups and the code of Clare-C are
grven i g | for dlusrstion. From the cnde. ome & abiv &

determine the lay-up details. The codes of other glare laminates
used in the tests are also presented in fig.1. Glare laminates,
GLARE-A, C and E, are used for skin elements and Glare-G is
used only for the stringers. The four types of Glare specimens
are shown in figs. 2 10 S.
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Fig. 3 Bonded-stringer specimen
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Fig. $ Rb-mode vibration specimen




Plain specimens (fig. 2): with this specimen type, the fatigue
strength of a skin in the presence of a discontinuity in the
thickness is tested. These tests are used 10 evaluate the influence
of laminate lay-ups and temperature. Three types of skin lay-ups
are tested, each type in three temperature levels. Bonded skin-
stringer specimens (fig.3) are tested to find the influence on the
fatigue swrength of the bonded skin-stringer attachments, and
sunilarly riveted skin-stringer specimen (fig.4) for the fatigue
strengt. of a riveted skin-stringe; sttachment. Rib-mode
vibiation specimens (fig.5) are tested to determine the influence
or the joint fatigue strength when the secondary element, which
i stringer in this case, is in resonance.

Test procedure

The acoustic fatigue lests are performed on an electromagnetic
shaker. Theee specimens are clamped simultaneously in 3 fixture
mounted on the shaker. The specimens are loaded by a narrow
band ‘requency centred around the svevspe fundamental
frequencies of the specimens (f,) ax shown in fig.6. The
bandwidth iz 1 chosen that the specimens continue 1o resonate
even if there is 8 frequexy diop in one or mare of the

*® ...

1 e

Fig. 7 Falure crilarion for shaker specimens

The testng w canveed ot W two phanes. pev-dosi phowe and
actenl teni phane. The jue-til phone & wiendnd o eaphie B
dymamx ehovens of cich specumen type. B pROpe
oateming of s gauges ® kcale the MEAWIUS Sren dvd
e colibvabion of mesuing devces. SPATE (views paliern
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determine the siress distribution during the pre-test level. In the
actual test phase, the nature frequencies of the specimens are
continaally measured at NLR by monitoring the Hall generator
which generates cusrent induced from a fluctuating magnetic
field.

First an allowance is made for the drop in frequency due to the
initial settiement. After that, a 2% drop in frequency during the
test is defined as the failure criterion for the specimens (fig.7).
The frequency can drop due 10 stiffness reduction following a
crack. delamination between layers, change in support condition
due t rivet failure, de-bonding of stiffener and skin or matrix
cracking. If no visual damage is found, the test is continued
somutimes by adjusting the frequency range around the then
resonant frequency. Mostly, after 2% frequency drop, the
demrioration is quick and the damage growth life is not high
(fig.8). The failure condition of each specimen 1 studied and
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Fig. 8 Fregquency measurements lor Giare spucimens
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function established earlier in the pilot tests. The calculated
maximum rms-strain levels are used in the endurance plots. In
the Fokker tests, the strain gauges are placed at the maximum

stress locations and the gauge readings are directly used in the
test evaluation.
Specimen test results
Typical curves of the SPATE measurements are shown in fig.8
for the Glare-A laminate plain specimens. The results of the
fatigue tests are presented in figs.10-15
N
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Fig. 10 Edurance plots: temperature influence - plain
specimen Glare-A
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Fig. 11 Endurance plots: temperature nfluence - plain
specimen Glare-C
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Fig. 13 Endurance plots: influence of lay-up configuration
- plain specimens

Fig. 14 Endurance plots: comparison ol riveted and

bonded-stringer specimens

Fig. 18 Endurance piots: nb-mode vibration specimens

Plun spevimen resuls. the nfluene of the thiee emperature
vanat and e | Ly -ups n invertigated by the plan
specumen tests. There 1s hardly any influence of emperature
vheerved (of the (stigue hehaviour of Glare-A and Glare E. Fax
Glare C. Jetetueation of the (igue progertses 18 ohsorved hoth
ot high («B°C) and Jow (-WC) tempersture, soe fige 1012
At room wmperature, the fatigue behaviout of Glare-C 1 betor
than that of Glare-A or Glare-E (g 1V). The dampang ratxn of
Glare-AC ond E are 0171, 0.169F and 0 192% respexcavely.

Rivetod amd bonded singor-skin specimens: Here 1o, e
fatigue behaviour of Glare C s better then thet of Glare. A ot of
Glare E. The fatigue lives of the bondad &in- stnnge? speciovens
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are better than those of the riveted skin-stringer specimens
(fig.14).

Rib-mode vibrations specimens: The tests are conducted with
the same shaker input level for al! three specimen types. The
fatigue behaviour of Glare-A is better than that of Glare-C and
E (fig.15). The damping ratio of Glare-A and E is higher than
that of Glare-C. From the niaterial point of view, Glare-C and
E are of the same metal-GRP composition except for the
differences in the laminate lay-up. From the tests of these
specimens, it is seen that Glare-E specimens have the lower
maximum stress for the same shaker input, higher damping ratio
and higher fatigue life than those of Glare-C specimens.

PWT TESTS
PWT Specimens

Within the framework of the BRITE/EURAM collaborative
program, two Glare panels are designed and manufactured at
Fokker and tested at the IABG acoustic facility. The panel
details are shown in fig.16. The panel design is typical of a
wing skin, stiffened with stringers and nbs. The stringers get
free passage through the nbs, by means of castellation. The
joint at the intersection hetweoen a stnnger and a rib is an
umportant part of design. Except for the top skin, the panel
Jesign is wentical for the both specunens.
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Fig. 16 PWT tast-panei design details

Each test pane! 15 huilt as & wp panel of & bux. The (1op) panel
skin 18 of esther Glarw A o Glare E. Homet douhlers se made
of Glare A, end they are also toaded v e skin, o that the
sk an thakened af the locabions where Ihe strngers of nhe ane
stiached. The aluminium stngers are boaded on 1 the skin
doubler, and the nhe are nveted W the dan The design detals
of the srde walls and the Notiom dun are nol relevant o twe
peesent investigshon However, the ude walls and the tottom
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thick skin panel are designed not to interfere with the acoustic
fatigue behaviour of the test panel. The dynamic behaviour of
the box, including the test panel is analyzed by means of finite
clement calculations. The calculations are carried out by
Dassault as a collaborative task within the framework of the
Brite/Euram program. The calculations show how thick the
bottom skin must be in order to avoid any interference with the
top test panel.

PWT tests and results

The panels are tested in two phases, the first for modal test and
the second for acoustic fatigue test. The modal response of the
two test panels is first evaluated by exciting the panels by a
Ioudspuker at sound pressure level of 104 dB. The natural
i mode shapes and damping factors are determined
fmm the measurements of five accelerometers which are
mounted on the panel. The typical plot of vibration mode is
given in fig.17. The damping of the individual natural modes is
obtained from the decay oscillations as well as from the
frequency response curves (3 dB method). The values of loss
factor 0 are 0.0158.0.025S for the Glare A panel and 0.00S -
0.0123 for the Glare E.

N

- 2

T
f

BT YRS
-

|
I

Fig. 17 Modal Analysis Test - Glars-A panel
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Acoustic Tatigue tests are perfurmed in the PWT, and the panels
are excud by the sonustic spectrs. whose exaitaion band widh
1 prodefined from the results of the nodal iests. The hineanty
chack 1 first camed out by increasng SPLe and messwing
stan gauge mms-stran values. Buth panels show the same non.
Lineanties wihuch are charactenzad by & digressive ratso i the
case of SG1 (sruin gauge no | in fig 18) snd progressive rabo
wn the case of SG11 (amd SGI2), s shown 1 fig 19 The noa-
hneanties are altnbulad (0 the presence of membrane streswes,
preventing Ohe 1lun from vitwaling w lasge ampliudes. From the
regular (atigue Wsts wn run 1.6, & number of PSD-plots are
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made. The plots indicate that with increasing acoustic loading,
the higher order modes become more pronounced when
compared with the amplitudes of the fund. | mode. The
total number of modes is slightly reduced for higher SPLs. Two
such typical plots are given in fig.20 and 21.

e~
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a2 e o Taw 2000 no W
e 17 1Y) 1 " - oAt

Fig. 18 Linearity Check with strain gauge-1 (SG1)

readings

Fig. 19 Linearity Check with strain gauge-11 (SG11)
readings

t ¢!

ot

Fig. 20 PSD plot at an OASPL of 124 ¢BAerz input

In the frst set of tests, the strmn gauger of the nb flange
attahad 1 the shin xhow very high stresses. and the test was
intcrrupded  prematurcly by acticing the fadute of the nd
flanges. The damage hatron and details are showaan fig 22
This 1s & typeal b fubure, whach 1s seen tn the pad e swh
niw with sluminium pencte [14]  However, oo ¢ )

noticed in the Glare skin, and so also in the stringers. The
geometrical details of the nb are shown in fig.23. The panels
are repaired by strengthening the rib-castellations close to the
skin. An additional back-up L-profiles are used with the ribs as
shown in fig.24. After the repairs, the second set of acoustic
fatigue tests began at an OASPL of 159 dB for four hours and
at 162dB for the last one hour. Cracks are seen again at the rib-
skin flange comers during the tests and they do not grow
cntically even after the 162 dB OASPL tests. The comers of the
rib-skin flange are rather damaged at a number of locations. The
Glare skins remain intact throughout the tests. The damage
details are shown in fig.25.

Fig. 21 PSD plot at an DASPL of 148 dBAaerz input

Fig. 22 Fust set of scoustic fatique te2is in PWT -
castelation damage snd separation from shin
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Fig. 23 Rib-castellation details in the initial design

skin: Glare-A or E
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Fig. 24 Rib-castellation details atter repairs

Fig. 25a Second set of acoustic fatigue tests in PWT .
cracks al the casiz”ston connection with the
stiingers
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Fig. 25b Second set of acoustic fatligue tests in PWT -
damage at the castellation connection with the
stringers

DISCUSSION AND CONCLUSIONS

The shaker tests are hmited o numbers, and » detaled
statistical analysnis s not performed on the results. In the shaker
test, the ¢ffect of lamainate lay up 1 investigated Dunng the nh-
mode VilTabion tests, question arose whether the lests were W
he varried out with the same input level of g /He or the same
stran kevel for both specimens uader comparison. For instame,
for the same g2, /He input level, Glare E wamples show lower
iran than Glare C samples. and Glare E vamples have hghet
lahigue hves than Glare C samples. 1f the test is varrsd out o
the same stmn in both wmples, but with different ;",_JH:
input Jevels, Glare C wmples have higher fatigue lives than
Glare-E samples. This shuw how dilfwult 8 s w0 make an
obpclive companwn  between the results of othen The
damping property and the streas Jevels are heoth important, and
evaluation shall mit be cavy i Jamping hehaviur 1 mot known
ln cumg with Al specitwns, Glare samplot are
wen w e betier The ahuve statement v byt & e
that g the came in hoth makeaal amd

-M\ﬂu

The mowtn fatigue strongth of Glare- A am! E laminsics 1 mit
affectad by the wmperatute Mutusinns at te mnralt nomal
opaston. Howevet, the tempurature influence uan Glare C 10
foumd o he Jotrumental s the fatigue strength. The boadsed pant
1 mote Jesrshle than the nveted as far as the awouix (aligue
18 comemed The lay up conliguratan of the Glare laminales
does it play any devinve tole & impeuve the faligue hives

The panel tests show that bt the pramary and wuondary pasts

-
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are design critical for acoustic loading. The tests show that
Glare panels can withstand high acoustic loads, if support
structures are properly designed. The rib design seems to be the
most critical for a wing-like structure subjected to acoustic
loads.
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SUMMARY

Thermo- vibro-acoustic analysls and test of
skin panels for airbreathing hypersonic vehicles is
made for a generic vehicle and trajectory. Aerother-
mal analysis shows that impingement of the bow
shock wave on the vehicle and engine nolse pro-
duce high fluctuating pressures and local heat fluxes.
Maximum temperatures will exceed 2700 F (1480
C) at the top of the ascent trajectory and engine
sound levels will exceed 170 dB at takeoff. Asa
result, Joads due to engine acoustics and shock Im:
pingement dominate the design of many transat.
mospheric vehicle skin panels.

1 INTRODUCTION

Thermal, acoustic, engine, material and per-
formance lssues are interdependent in the design
of alrbreathing bypersonic vehicles. This paper
Identlfies a generic Blended Wing Body (BWB
vehicle 19 Aeroacoustic loads and engine-lnduc
loads oa the skin are then determined. Thermal,
otatle, and dynamic responses are found using fi-
nite element mathods. Tests re made oo subele-
ments and material coupons to sasess tbe thermal
capability and fatigue strength under-these loads.

The misloa objectives of tbe bypersonic ve-
hicle are to 1) reach orbit wit o single stage vel-
cle and, 2) maintain bypersonle . .use using pri-
marily airbreathing engines. To support combus-
tlon uslag the oxyges from the atrosphere, ascent
trajectories fall between a lower slatic pressure
mit of 200 1b/A? (10000 Pa) and & mazinum
dynamic pressure of 2600 Ib/R* and 1he orbital

velocity limit of Mach 13 a2 shown In Fig. 1.

Hypersonie flight in the atmosphere causes
serothermal heating of the vehicle skin. This aerother
mal heating is considerably more severe for alr-
breathing vehicles than rockets, such as the space
shuttle, which carries oxygen internally and reaches
hypersonic speed above the earth’s stmosphere.?
Two ascent trajectorles were analysed: 1000 q
and 2600 q, where q s the dynamic pressure of
the incoming air in pounds per square foot that
the vehicle malntains during ascent. Both ascent
trajectocies are plotted In Fig. 1. Time to orbit
is 18 minutes, and the acceleration of the vehicle
te assumed to be a constant 0.93 g, where g la the
acceleration due to gravity at the carth's surface.

For & given vehicle Mach number, the dy-
namic pressure q I higher in the dense alr of lower
altitudes. For tie same Mach oumber, the 2600
q sacent trajectory ls at lower altitudes and in
denser alr than the 1000 q ascent. During both
ascents, serothermal heat fluxes will cause high
skin temperatures. To reduce the heat flux aad
slow dows the rate of skin panel temperature rise,
the vehicle must galn altitude Into less dense ole
a3 speed Increases. This Is shown by the isother-
mal akin trajeciory Unes In Fig. 1. Descent from
orbit is made with the alrbreathing engines shut
down st 200 q in & trajectory similar to the de-
scent lrajectory of the apace sbuttle (Fig. 1).

4. DESCRIPTION OF VEHICLE

Optimised airbreathing transatmospheric ve-

hicke design concepts are driven by the single
stage-to-orbit objective and the need to carry large
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volumes of cryogenic liquid hydrogen fuel. The
Blended Wing Body (BWB) hypersonic transat-
mospheric vehicle design (Fig. 2) was selected for
generic analysis. Toincrease internal fuel capacity
(sbout 60% of gross take-off weight is fuel), recent
transatmospheric vehicle designs are evolving to-
ward somewhat stockier lines than those of the
BWB of Fig. 2. However the BWB twin tail and
lower midbody engine configuration remains the
baseline for most studies.

The Blended Wing Body vehicle has an over-
all length of approximately 100 feet (30 m), and
has a 150,000 Ib (68000 kg) gross weight. Lo-
cation of the engine is important. The BWB hy-
personic vehicle has airbreathing scramjet engines
placed at midbody. This allows the vehicle fore-
body to act as a compression surface for the inlet
and the aft body to be an expansion noale for
the exhaust. The disadvantage of midbody en-
gine placement is that the aftbody vehicle skin is
exposed directly to engine acoustic radiation.

The high temperatures of hypersonic vehi-
cle skin panels require unconventional materials.
Conventional high temperature aluminum alloys
such as 2219 Al have upper working temperatures
of 350 F (175 C) but may be used to 500 F (260
C) for limited periods of time with some degra:
dation of properties. High temperature titanium
alloys such as Ti-6Al-25n-4Zr-2Mo have a nomi-
nal mazimum temperature Limit of 1000 F (540
C), but recent test suggest that they may be used
to 1200 F(650 C) if exposure duration is limited
to forestall phase changes. Nickel and iron based
superalloys are limited by oxidation and creep be-
yond 1800 F (980 C).

Silicon and carbon ceramics rre capable of
tempaeratures in excess of 2000 F (1090 C). In ho-
mogenous solid form, thess ceramics are too brit.
tle and damnage- sensitive for use as primary struc-
ture. Composites with carbon or silicon fibers in
a durtile matrix bave the toughnens and maxl.
mum temperatures capability to allow their use
for .rimary structure. Three ceramic composites
wate considered for vehicle skin panels: TMC, $i-
C SIC/SIC and carbon-carbon. Titanium:metal:
tnatrix-compasites (TMC) have silicon carbide ce-
ramnic fbers in a ductile titanium matrix, Si-C
compasites have silicon carbide Abers in & car-
bon matrix, SIC/SIC is a composite of silicon car-
bide Abers in asilicon carbide matrix, and carbon.
carbon bas carbon Ak 2rs in & carbon matrix.

Carbon and silicon carbide iber composites
are generally limited by the temperatlure caps.
bility of the matriz rather than the strengih of
the fiber. Oxidation, the spontaneous combina-

tion of atmospheric oxygen with a carbon matrix
to form gaseous CO2, is & common high tem-
perature failure mode of carbon matrix compos-
ites. Silicon carbide glass coatings, applied at
high temperature by gaseous diffusion or by di-
rect surface compaction of powder, have been de-
veloped to inhibit the penetration of atmospheric
oxygen into carbon-carbon. Powdered oxidation
inhibitors can be added to the carbon matiix to
retard oxidation if the coating becomes damaged.
Metallic composites also suffer from oxidation at
high temperature if coatings are not applied. Cur-
rent generation titanium matrix alloys, such as
15V-3Cr Ti, s1e degraded by oxidation and creep
above 1000 F (540 C). Titanium matrix alloys
such as 15Mo-3Mb-3Al Ti are being developed to
improve oxidation and creep properties of TMC.

Skin panels representative of the BWB hy-
personic vehicle (Fig. 2) were designed and fab-
ricated as part of & study of aero-thermal-acoustic
fatigue of hypersonic vehicles.! Carbon-carbon was
chosen for the forebody and the ramp skin pan-
els because of thermal and weight considerations.
The lower forebody panel is shown in Fig. 3.
The carbon-carbon laminate consists primarily of
0°/90° plies of carbon-carbon fabric sandwiched
between two outer plies of fabric oriented at 45°.
The 45° fabric plies were included to increase buck-
ling allowables.

The blade stiffeners taper off into thickened
side rails (Fig. 3) to avoid the unacceptable inter-
laminar stress that would result if the' blader were
tied directly into the side rails. The blade-type
stiffener is chosen Lecause it avoids the re-entrant
corners of 2., T-, and hat-stiffeners which cannot
be coated with silicon carbide glass to inhibit oxi-
dation. A layer of alumina insulation between the
panel and the substructure minimises heat trans.
fer into the cryogenic hydrogen tank.

The upper fuselage midbody and aftbody skin
are single-faced corrugated panels formed from
advanced titanium matrix composite (TMC) as
shown in Fig. 4. Typically the panels are 4 feet
by 4 feet (1.2by 1.2 m) with 32 corrugated stiffen.
ets per pansl. The panels are sttached to under-
lying titanium ring frames and longerons. TMC
was chosen for midbody and aftbody skin panels
because it has the stiffness required to resist local
panel buckling (the failure mode for much of the
midbody) while withstanding the midbody skin
temperatures.

The wings and vertical stabllizers are also
{abricated from advanced titanium metal matrix
composile with corrugation-stiffened single skine
which are separated by l-section spars. The cor-
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rugations are on 1.7 inch (4.3 cm) centers and
are 2.5 inches (6.35 cm) in height. All webs and
flanges are 0.015 inch (0.38 mm) thick - the min-
imum gage for TMC. Figure 4 shows a prototype
of & TMC wing panel section. The silicon carbide
fibers in TMC are formed by vaporization of sil-
icon carbide on a graphite filament. The fibers
are then coated with a carbon-rich layer. The
skin sheet in Fig. 4 is a laminate of seven lamina
(layers) of alternating 0°/90° fibers. The TMC
hat-stiffener sheet is diffusion bonded to the skin.

The nossle structural concept is an actively
cooled panel shown in Fig. 5. Active cooling is
achieved using liquid hydrogen which is passed
through channels milled into the face sheets before
entering the engine. The actively cooled panel
core is titanium. The face sheets are advanced
titanium matrix composites. The panels are 48
inches (1.2 m) square. The panels are supported
by advanced titanium matrix composite frames,
which are in turn attached to the underlying struc-
tures. The actively cooled honeycomb sandwich
was selected in consideration of the extreme tem-
peratures and heat fluxes from the engine exhaust
- conditions which make passively cooled atruc-
tures untenable in the noasle region. However,
ongoing evaluations indicate & possible chemical
incompatibility between titanium and Lquid hy-
drogen. Thus, use of materials other than tita-
nium may be required for actively cooled panels.

J_AERQTHERMO ANALYSIS

Aerothermal hesting and aercacoustic pres-
sure fluctuations are produced in the boundary
layer {Ref. 4) and amplified by shock wave im-
pingsment (Refs. 8, 6), shown in Fig. 6. Nos-
sle loads were determined by & separate analysis
of the burning gases Typical peak heat flux on
the nozale was computed to be 330 BTU/ ftd-acc
(3.83 MW/m?) at the combustor exit, with an av-
erage value of 180 BTU/ [0 sec (2.0 NW/m?).
This nozsle heat flux s ten times greater than
the heat fux associated with attached tusbulent
boundary iayer on the remainder of the vehicle.
The nozile heat flux would lead to temperatures
in excess of 3000 F (1650 C) on noasle skin paneh
if active cooling were not provided.

The Laganelll and Wolfe (Ref. ) cosrelation
predicts that the rms Auctuating skin pressure at
shock impingement is 168 dB, with & peak Jocal
heat Aux of 9.8 BTU/ [1®-sec (1.05 MW/m!) at
Mach 20 in the 1000 q ascent trajectory. These
loads increase by 8 factor of two for the 2600 q
ascent. In the absence of shock impingement the
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heat flux for the 1000 q ascent is 20 BTU/ f13-
sec (0.22 MW/m?) and the fluctuating pressure
is only 140 dB (Fig. 9). Thus location of shock
impingement is critical to the design of hypersonic
vehicle skin panels.

Transient thermal analysis of the carbon-carbon

skin panels was made to determine skin panel
temperatures during ascent to orbit. The panels
receive thermal energy from aerodynamic heat-
ing of their surface and reradiate this thermal en-
ergy into space. An alumina insulation blanket is
placed between the panel and the substructure to
limit convective heat transfer into the substruc-
ture. Temperature rise of the forebody panel due
to aerodynamic heating of the attached bound-
ary layer during ascent is maximum at the center
of the skin bay. The minimum temperature rise
occurs adjacent to the substructure attachments.
For the 1000 q ascent, the calculated peak tem-
perature is 2670 F (1460 C) for the forebody and
2510 F (1375 C) for the ramp. See Fig. 7. For the
2600 q case, the corresponding peak temperatures
of 3250 F (1790 C) and 3010 F (1650 C), are above
the 3000 F (1650 C) maximum-use temperature
for carbon-carbon. If the low relaminarizes, max-
imum temperatures are reduced by 1200 F (650 C)
to a maximum of 2050 F (1140 C), which is within
the temperature range of carbon-carbon. Thus,
analysis of laminar/turbulent transition and heat
flux Is critical in the design of the forebody and
ramp panels.

4. ENGINE ACQUSTIC LOADS

The Blended Wing Body (BWB) hypersonic
vehicle has rocket engine thruster modules mounted
ia twin rows across the tail a3 shown in Fig. 2.
The thrusters are used to reach speeds Mach 2 to
3, at which point the scramjet becomaes efficient.
The nolsiest portion of the Aight oceurs during
takeoff when the rocket engines and the scramjet
engine are both operating. Sound levels on the
lower half of the vehicle are higher than on the
upper half of the vehicle owing to reflections from
the runway, as well as direct acoustic radiation
from the lower midbody mounted scramjet.

The NASA and Von Gilerke (Refs 7 and 8)
methods were used to predict overall sound power
tadiated by the rocket and scram jot engines. THe
NASA technique give an overall acoustic power of
194 dB relative to 10 ¥ watts. The engine sound
spectrum is relatively flay between 500 and 5000
Ha as the high frequency noise from the rocket
thrusters combines with the lower {requency noise
from the scramjet.
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A directivity index was used to determine off-
axis sound levels (Ref. 9). Reflection from the
ground was taken into account to estimate over-
all sound levels on the vehicle skin during takeoff
as shown in Fig. 12. Direct radiation from the
engines results in overall Sound Pressure Levels
in the 170 to 180 dB range (relative to 20 micro
Pascal) on skin panels in the inlet and exhaust re-
gions. These levels are comparable to the highest
level measured in turbojet engines. As shown in
Table 1, engine loads are considerably higher than
the attached turbulent boundary layer loads, and
they are comparable to loads due to shock im-
pingement.

Static and dynamic structural analyses of the
forebody, ramp, and sctively cooled panels were
made using the MSC/NASTRAN finite element
code. For the forebody and ramp panels, the
quadralateral plate element was used with carbon-
carbon material properties determined from test.
Mean loads were incorporated in the analysis. Mean
(i.e., static) loads on the panels are of three types:
(1) thermal loads sssociated with aerodynamic
heating of the panel surface, (2) aerodynamic pres-
sure loads applied directly to the skin, and (3)
vehicle carry-through loads imposed at the panel
boundaries by vehicle deformation and maneu-
vers. Thermally induced loads are generally high-
est when vehicle temperature is greatest, which
occurs when the vehicle is at the top of the ascent
trajectory {Fig. 11).

Dynamic analysis of the forebody and ramp
panels was made by first calculating the mode
shapes and natura) frequencies of the panels, and
then determining the dynamic response to fluctu.
ating surface pressures in each mode (Ref. 10).
For the forebody panel, the offect of the carry-
through loads imposed by the fasteners was ince -
porated using & nonlinear solution. Modal analy-
sis shows that the pane] modes are generally have
either modes where adjecert panel bays deflect
inphase, and modes where adjacent baye deflect
out of phase, causing the intermediate stiffener
to rotate as shown in Fig. 9. The lowest fre
quency mode of the forebody panel wan at 834
Ha, with in-phase motios of adjacent baye. The
ramp panel, which bas wider stiffener spacing and
thinner skin gage than the forebody panet, has un
out-of-phase mode at 288 Ha.

The forcbody and ramp panels respond to
engine noise and aeroacoustic loads. Aeroacous-
tic analysis shows that the maximum aeroacoustic
fluctuating pressures due to boundary layer tur-
bulence on the forebody panel fall in the 130 to
145 dB range, a factor of 3 to 6 smaller than the
engine Sound Pressure Levels of 155 to 160 dB.
The engine noise at the ramp panel is estimated
at 160 to 170 dB. Shock waves emanating from
the inlet can impinge on the ramp to generate
fluctuating pressures that equal or exceed the en-
gine noise on *he ramp panel. Both the engine
noise and the shock impingement loads exceed
attached turbulent boundary layer loads on the
ramp panel.

For the forebody panel, the maximum cyclic
stress is 4000 psi (27.6 MPa) rms and is within the
6000 psi (41.4 MPa) rms random vibration fatigue
allowable for carbon-carbon. The calculated max-
imum ramp panel stress of 16,080 psi (111 MPa)
rms is over two-and-half times the carbon-carbon
allowable. As a result, either the skin gage of the
proposed ramp panel must be increased, or stiff-
ener spacing must be decreased to avoid in-service
failure due to engine noise.

§. COUPON AND PANEL TESTS

Facilities which can simultaneously apply seroth

mal heat fux and aeroacoustic pressure Auctus-
tions on panels have been developed at Rohr In.
dustries to validate designs and materials. High
temperature shaker testing of material is routinely
done to 1800 F (980 C) to establish high cycle
fatigue allowables of material coupons and joint
subelements under random loading. A heated
acoustic prograssive wave tube has been constructed
at Robr Industries which uses quarts lamps to
achieve 1800 F (980 C) aver & 33 by 23 inch (0.8)
by 0.58 m) test section with 168 dB overall Sound
Pressure Level. The facility, shown in Fig. 10,
was desigiied for testing the panels shown in Figs.
J, 4, and &,

A total of 104 shaker test specimens and 7
thermo-acoustic test panels have been designed
and fabricated. THe shaker specimens include ti-
tanium, titanium- aluminide, carboa-carvon, SIiC-
$iC, and titanium Meta! Matriz (TMC) materi
als. The panels are TMC, carbon-carbon, and
titanium. At this time approzimately 70% of the
shaker material coupons specimen tests have been
completed. Joint sub-element shaker testing and

—..




panel acoustic testing will be continued over the
next few months.

Tests at temperatures to 1800 F (980 C) with
carbe ..carbon specimens showed two unusual phe-
nom :na. First, the stiffness {(modulus) of the ma-
terial increases with temperature, apparently due
to a tightening of the carbon matrix with tem-
perature. Second, carbon-carbon is process and
damage sensitive - a sensitivity which can lead
to premature oxidation failure if the coating is
breached. Some specimens failed prematurely at
the point of strain gage apparently because of lo-
cal damage of the adhesive to the coating which
led oxygen to penetrate the matrix. This type of
failure has occured both on uninhibited and in-
hibited matrix carbon-carbon. Random fatigue
data for inhibited carbon-carbon at 1800 F (980
C) is shown in Figure 11.

The metallic TMC and titanium alloys gener-
ally gave more reliable results than carbon-carbon,
but at lower temperatutes. Tests on Ti 6.2-4-
2 at 1100 F (590 C) gave good fatigue strength.
TMC utilizing beta 21S titanium matrix exhibited
good fatigue strength up to 1500 F (815 C). Fig-
ure 12 shows random fatigue results for Ti 6-2-4-2
at 1130 F (620 C) and TMC at 1500 F (815 C).
However, it should be noted that these results are
only for high cycle fully-reversed fatigue. Creep
deformation of titanium alloys and titanium ma-
trix composites can be limiting above 1100 F (590
C).

As the subcelements and the panel tests are
rompleted, the results will be compared with and
incorporated in the analysis to determine the oc-
curacy of the analysis and acceptability of pro-
posed materialy for hypersonic application. De-
sign methods will be validated.

1. CONCLUSIONS

An analytical study was made and test are
in progress of vihroncoustic fatigue of hypersonic
flight vehicle skin panels. A ringle-stage to orbit
mistion and Riended Wing Body vehicle were de-

veloped which are representative of present transat.

mospheric vehicle design studies. The vxternal
flow Arld and buundary layer heating were deter-
mined by parabolized Navier-Stokes 3« analysis.
Engine acoustic loads were developed. Detailed
thermal, static, and dynamic analyses have been
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made of the forebody, ramp, and nossle panels.

The study shows that engine acoustic loads
and shock-impingement loads will govern the de-
sign of many skin panels. The conclusions of the
study are as follows:

1. Cverall aeroacoustic Sound Pressure Levels
on the skin are highest on components in
line-of-sight of the engine inlet and engine
exhaust and where shock wave impinge on
the vehicle skin The maximum engine acous-
tic Sound Pressure Levels range between 170
and 180 dB overall. At hypersonic speeds,
shock waves bend aft from the bow and from
the inlet, and carise maximum shock-boundary
layer interaction Juctuating surface pressures
are between 160 and 170 dB and will be ac-
companied by lo:al heat fluxes as high as 50
BTU/ ft*-sec (0.6 MW/m?).

2. Finite element analysis of the 0.15 inch (3.8
mm) thick carbon-carbon forebody skin panel
shows that the maximum skic temperature is
2667 F (1460 C) at the end of & 1000 q as-
cent and 3220 F (1770 C) for a 2600 q ascent.
These results are based on turbulent bound-
ary layer heating. If & laminar boundary
layer exists, the temperatures can be 1200
F (650 C) lowe:r.

3. Finite -’ ment analysis has been conducted
on rar  and fore body panes indicates that
pancls which act as heat shield will be design
eritical for theemal-acoustic loading.

4. Test are underway on material coupons and
panels fabricatcd of carbon-carbon, TMC, ti-
tanium aluminide, SiC-SIC and high temper.
styre titanium alloys. Shaker testing of ti-
tanium, titanium aluminide, carbon.carbon
and TMC have been completed. Joint sud-
element tests and panel acoustic tests will
be completed in the next few months. T
6:2.4-2 and Beta 218 TMC have good fa-
tigue strengths tu 1150 F(620 C) and 1500
F (813 C), respectively. Carbon carbon pos.
swires adequate fatigue strength at 1800 F
(980 C) but suffers from a vensitivity to coat-
ing damage vither due to handling damage or
process flaws which can lead to a rapid pre-
mature faulure.
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Figure 9 Forebody panel in-phase and ou’-of-phase
vibration modes.
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Figure 10 Ramp panel carbon-carbon sonic fa
tigue rms stress field.
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Flgure 12 Random fatigue shaker test data for
carbon-carbon coupons at 1800 F (980 C). '
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APPLICATION OF SUPERPLASTICALLY FORMED AND DIFFUSION BONDED
STRUCTURES IN HIGH INTENSITY NOLSE ENVIRONVENTS

R. J. Cumnins
J. P. C. Wong

British Aerospace Airbus Limited
NTC, PO Box 77

Bristol

SUMMARY

Two specimens, representing an
aircraft control surface and an
access door, have been tested under
high intensity acoustic excitation.
The access door was also subjected
to an elevated temperature
environment of 150°C during this
test. These specimens uvere
manufactured as multi-cell box
configurations by superplastic
forming and diffusion bonding
(SPFDB) to a similar structural
weight as existing aircraft
components produced by alternative
means of construction. The
influence of the spandrel-shaped
void, formed at the skin/stringer
intersection, is considered on the
acoustic fatigue performance.

1. INTRODUCTION

Superplastic behaviour of
certain metals occurs when the
material is of fine grain size
and at elevated temperature;
in an irert atmosphere {t can
be subjected to extensive
elongation without pronounced
localised thinning. For the
process of diffusion bonding
the mating surfaces are
brought into intimate contact
at elevated temperature and
atomic diffusion across the
interface produces the bond.
For titanium, diffusion is
aided by the fact that the
oxide film, which in the case
of other metals inhibits
diffusion, is absorbed within
the metal at high temperature.
As both superplastic forming
and diffusion bonding occur at
the same temperatury {n
titanium (925°C to 950°C) the
cambination of the two
processes is often explofted.

BS99 7AR, UK

Using the SPFDB process
components such as control
surfaces, doors and fairing
panels can be formed in a
single operation using
prepared blanks. The
structure is usually designed
as a multi-cell box using a
four-sheet blank. The inner
sheets are joined by welding
in order to form the internal
stiffening construction, see
Figure 1.

One result of this type of
construction is that a small
spandrel-shaped void is formed
in the skin/stiffener
interface, as shown in Figure
2. This void provides an
inherent stress concentration
and a probable location for
crack initiation when the
structure responds to acoustic
excitation. Random vibration
endurance tests have been
performed on T-shapaed coupon
specimens extracted from
multi-cell SPFDB titanium
boxes. The test results
confirmmed the expected crack
location, see Figure 3, which
could initiate from either the
outer or inner skin surface
into the void. However the
overall resistance to acoustic
fatigue for this feature has
to he compared against other
forms of construction, with
their inherent design
features, based on components
designed to a similar weight.
This paper describes the test
experi nce and sunmarises some
general design considerations
on the application of SPFDB
titanium structures,

Presented at @ Sveposium on lapact of Aconstie Lasds on Atrcrgf? Structires” held ain Lillehammer, Norway, Mav 1994,
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SUPERPLASTIC FORMED AND
DIFFUSION BONDED (SPFDB) TEST
OOMPONENTS

As the SPFDB process requires
an expensive tool for forming,
a relatively large cne-off
research specimen
concentrating on the
skin/stiffener feature would
have been expensive, so use
was made of available aircraft
development tooling. This has
the advantage that the
specimen was fully
representative of an aircraft
component although containing
more complex features than
required from a general
research basis. In addition,
information was available for
both components from acoustic
tests on similar geometry
components using different
constructional methods.

2.1 Aircraft Control Surface
(Spoiler)
This was a multi-cell wedge
shaped box structure having 27
intermal ribs and a single
longitudinal spar formed from
the two central core sheets of
the blank. The stiffeners were
terminated short of the panel
trailing edge to allow gus
flow between cells during the
forming process, This was
achieved by the welding
pattern applied to the inner
two sheets of the SPF-DB blank
which also produced a flared
effect at the stiffencr
run-ot .

The overnll dimensions are
shown in Figure 4. As with
most alrcraft control surtaces
the component was hinged and
attached along one edge, to
allow for control movement, by
3 fittings with hinge lugs.
The central hinge fitting was
bolted into a recessed aren,
see Figure U, These fittings

provided a suitable meens for
mounting the component for
test.

2.2 Aircraft Access Door Panel
This multi-cell box structure
was manufactured from a
four-sheet blank having single
curvature witn thrze
longitudinal stiffeners and
two frames formed from the
four central core sheets. The
inner skin was cut away over
the cells leaving a continuous
cap-strip over the stiffeners
and frames, see Figure 5.
Attachment to adjacent
structure was by a single row
of fasteners around the
peripheral door flange. For
test the specimen was mounted
in a fully representative door
surround structure and was
attached by fasteners on all
four edges so that the
skin/stiffener modes were the
major responses which were
excited.

EXCITATION ENVIRONVENT

The applicable environment for
the control surface panel,
based on the actual aircraft
location, would be a maximum
overall sound pressure level
(OASPL) of 142 dB broad band
noise loading with relatively
low temperature (< 100°C)
exposure. However, as it was
typical of a four-sheet
multi-cell box construction
which could be used in a high
noise environment, it was
declded to test using a broad
band excitation of about 160
dB OASPL, see Figure 6. This
was with the aim of provoking
failures at the skin/stiffener
intersection due to the stress
concentration caused by the
spandrel-shaped void.




The access door panel was
tested at a representative
elevated temperature of 150°C
using a higher noise level of
165 dB OASPL of broad band
axcitation but with some high
level tones present, see
Figure 6. The intention of
this test was to perform a
direct comparison in the same
environment with another
access door employing the
current aircraft construction.
This was a light alloy
fabricated framework of
traditional skin/stiffener
construction with a titanium
sheet skin and all attachments
with solid rivets.

The original panel was tested
first followed by the SPFDB
version at the same siren
location. Both specimens were
exposed to 40 hours of
acoustic excitation with the
cuter skin at grazing
incidence in the PWT working
section. The thermal
environment was supplied by a
bank of quartz-tungsten
electric heaters which were
arranged to apply the heat to
the inside of the specimens
due to the difficulty of
operating the heaters within
the PWT working section. The
specimens were allowed to
reach A stable temperature of
150°C (300°F) before
commencing the acoustic
loading.

All specimens were excited at
grazing incidence in a
progressive wave tube (PWI).
For the access door panels the
PWTI used a Stentor Noise
Generator as the noise source
whereas the tests on the
control surface panels
amnployed LTV-EPT200
generators.

TEST PERFORMANCE

4.1 Control Surface Panel
After the preliminary
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resonance tests to identify
structural response modes the
panel was subjected to the
fatigue endurance test. The
first damages were detected
after 24 hours of testing and
although associated with the
skin/stiffener junction the
initiation was from the end of
the internal stiffener close
to the panel trailing edge.
Damage was initiated at
several similar locations
where the stiffeners were
terminated and no damage
initiated from the
spandrel-shaped void in the
skin/stiffener intersection.
As for many cases of acoustic
fatigue damage the initiation
was due to a detail design
feature. Endurance testing on
the panel was continued until
30 hours where the damages had
propagated to the extent shown
in Figure 7.

Non-destructive examination
confimed that there were no
internal cracks along the
skin/stiffener junction,
damage had initiated near the
panel trailing edge in the
stiffener termination feature.
Some subsequent propagation of
the cracks was then along the
skin/stiffener junction as
shown in Figure 7.

The panel was attached at the
three hinge fitting locations
along one edge with the other
edges free to represent the
actual boundary conditions.
The structures respense teast
demonstrated that the control
surface panel was able to
respond more readily to the
overall modes occurring in the
lower trequency range as well
as belng excited by the
skin/stiffener vanel modes
occurring in a higher
frequency range, see Figure 8.
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The deflections at the
component trailing-edge would
give rise to high stress
concentrations at the stiffener
terminations.

In a comparable aircraft
installation the control
surface panel was manufactured
from carbon-fibre. The two
components were of similar
weight but had a major design
difference in that the central
hinge afttachment on the SPFDB
design required only 6
fasteners, making use of the
material strength of titanium.
The carbon-fibre component
used 31 fasteners to spread
the loading which greatly
increased the number of
potential damage initiation
locations. However there were
no suitable acoustic endurance
test data to provide a
comparison between
carbon-fibre and SPFDB.

4.2 Access Door Panel

In the aircraft situation this
panel was subjected to a
combined high noise and high
thermal environment.

"The SPFDB access door survived
the test with no detectable
damege after visual,
ultrasonic flaw and x-ray
inspection. The titanium
skinned aluminium alloy
specimen sustained demage at
three locations, as shown in
Figure 9, which had resulted
in extensive propagation by
the end of 40 hours endurance.
In addition a number of the
countersunk fastener heads
were found to be damaged.
Damages to the central
stiffener area and cracking in
the cleat at the lower edge of
the forward stiffener are
shown in Figure 9.

4.3 Discussion

In general the SPFDB titanium
structures provide better
resistance to accidental and
debris damage than
carbon-fibre composite
structures and better
repairability. For example
carbon-fibre composite flaps
situated behind landing gears
may be subjected to a stone
damage on the skins which
would then be readily
propegated under the acoustic
excitation. However, like all
constructions subjected to
high noise environment the
detail design is of the prime
importance as this is usually
where the damage occurs. The
spandrel shaped void itself,
which is formed at the
skin/stiffener interface in
SPEDE structures manufactured
by the 4-sheet technique,
appears to be no more of a
problem than those introduced
by other means of fastening,
in similar weight structures.
In the final comparison, if
all structures can withstand
the noise loading and meet the
weight requirement, it is the
cost of manufacture which will
dictate the chosen method.

CONCLUSIONS

The SPFDB access door
demonstiated a clear advantage
i{n performance compared to the
fabricated structure based on
a similar component weight.

As the purpose of the test was
to compare the two
construction methods the SPFDB
panel was not tested to
failure.

Neither of the tests on the
SPFDB components provoked a
failure involving the
spandrel-shaped void feature
of the skin/stiffener
intersection.




From this available test
evidence the main design
advantages for using SPFDB
construction in a high noise
environment are:

1) the ability to withstand
a higher temperature
environment than standard
carbon or glass-fibre
composite and aluminium
structures.

A Typical Aircraft Structure

- \V Edge welding produces
.~~~ agas-ight ‘pack®
\ ;‘/

Platen heated 1o 1aise part .
temperature o about 925

* e

Applied load to react
lo gas pressure

19-5

ii)} superior acoustic fatigue
resistance to aluminium
alloy fabricated
structure when designed
for the same weight.

Four Sheet SPF/DB
The Core Sheets® are
joined at the locatons
where intemal stiffeners
are required

BLANK PREPARATION

e
Platen Press

Outer skin lorms hrst under gas
preasure to hmits of tool cawity

SKIN FORMING

FIGURE 1 (a) SPFDB FORMING FOR MULTI-CELL CONSTRUCTION
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Core Is then inflated

WEB FORMING

Cellular structure begins to form

FIGURE 1 (b) SPFDB FORMING FOR MULTI-CELL CONSTRUCTION

* EXCITATION
* DIRECTION
TYPICAL CRACKS AT THE
SPANDREL-SHAPED VOID
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SPANDREL-SHAPEDI ‘
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[ | ’ CRACK INITIATION
Ll SITES
FIGURE2  DETAIL OF SKIN/STIFFENER FIGURE3  TYPICAL DAMAGE LOCATIONS FOR
INTERFACE COUPON SPECIMENS
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780 mm

500 mm
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GENERAL ARRANGEMENT OF THE ACCESS DOOR PANEL

FIGURE 5
(ORIGINAL ALUMINIUM DOOR PANEL SHOWN})
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A) CRACK LOCATION ON THE SPECIMEN PANEL
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FIGURE 7 DAMAGE LOCATIONS FOR SPOILER PANEL




827.5 Hz

1952 Hz

N
/\\
>
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FIGURE 9 DAMAGE LOCATIONS FOR THE FABRICATED ALUMINIUM
ACCESS DOOR PANEL
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AN OVERALL APPROACH OF COCKPIT NOISE VERIFICATION IN A MILITARY AIRCRAFT
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SUMMARY

The present paper describes the applicable concepts fer cockpit
nowse venfication in a militany aircrafls

A design-to-norse procedure s outhined and  the overall
requirements for medical, itelhgitihity and operational aspects
are deeply discussed, mcluding the proposition of an adequate
urdex to quantity the quatity of norse at pilots e

Gudehnes for cochpat nose control, to be apphed dunng the
design phase of the project, are given together with the
expected henetits

Advanced control and measuring
techingues are also dealt wath and a speaitic vase of cockpat

o THCAsSUIeS no

nobse ventication ix deseritwd

I INTRODUCTION

Cockpit notse environment i a malitany arcrait hay reoenth
bovome of great convern toe ight membens wevige opetabilinyg
mamls o the td of heanng handicap that aoise expsre can
cawsg  Therelore muote attention is ragisred h denign engineens
tor The deliveny o the cuntomer ol a final peodint which nwets
the reguirenients of event mahtan standards and an force
tepulations aimad to chininate heating hatabicap e hasand

amd 10 peovide gaad qualitv of comunication Pinally a
comnfuetable notve environent i stit to be panued
Attrame  weight  eoducion resulting frun stntural

ophinisalion Jeaugn amd nual praahne o wve waght o
s conttn] measures, 10 faver of cdomed oguiements of
additonal fucl, weagon loads o avioms ogpenent,  has
changed duning vean the helmet role from it 12 it o
e prutention

Unhatunately strintiral optimeatne reailts inan imreaw wl
vkt ot an the Joa froguows range. where stamband
helets afler ponw attennatum e to P hage padt the canug
scaly, amd acoustic mmados of vanaty ane hikeh to he coupled with
arciural roonames

A peoper dewgn-trnorw appeoach v then W he {ollomed,
sarting from the pechimaan Jevgn pose of the aicrall, lo

reduce the overall noise sound pressure level (OASPL)Y mside
the cockpit and to improve the quality of noise, related to
subjective human perception ol noise, at palot’s car

Tus target may be reached through a carctul use of tectuncal
solutions for norse and vibration control m order to optinise
costs and benehits of the project

2. COCKPIT NOISE IMPACTS

Cochpit nowse impacts on thght membees may be sununanised
n the thiee following aspects
AtEnic AL, felated to norw induced heanng impannent,
INTELEIGHRLETY, rehated Lo quality of conmunication,

OPRMATIONAL . telated o imdividual comtont

L1 Medical mypects

Dandy nare expostire 1o vembanation of sound presasawee fevel,
duration amd fregiicmey content may cauxe 1k of hearing fos
tre Penmanent  Deosbold Shitt, 111N usuatly
preveded by g reverable efet called " Tempotan Dreshold
St sy

which s

The TIS. wsually bebow 20008, agypwars i the ambuoctin teat
petfutmad a subyedts afler the evpunae to lugh muwe loweh
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Fuygure 20 1 Typical pure tone audiogsams

2.2. Inteligibility aspects

Ambient noise may degrade conumumcation causing speech
mterterence and Timting prlot perfonnance as more attention
needs to be gaven u speech anderstioding

Speech mtellimbithty as mamdby reduced when conunication
weeurs moprosence of high nose Tevels i the octive bands
centred on the preterted frequencies SO0, 1000, 2000 and 30
He  The anthmetic aversge ot notse sound pressure fovebs in
dB at these towr prefented freguencies s called Pretered
Spevch Interterence Fevel (981

A practival appronimation considens nose lesely in B sgual
W onoese fevels i PSH pdus 4 dB e g To PN equaly K0
JBAY

Spevihonterletence v winctunes alw quantitied by the ohd
siden S Speech Interterctne Level), whach s the anthunctic
average vl o sowad pressuee fevels i di o the three avtave
hands 60 1o 1200 Flz, 1200 w0 2400 1 and 2 W o D5 Ly
appeonamatels S aguals PRI minus 3

PSIE amd NI
SRR G N P of thrws

vettesta are ooty used et to fae

Whett csununnation sustems ane wad the wtelighulim
swastent of it ation I pecwtne ol potw o e fieoand
through the Articulatia Inden VAL dongn driterioa and tine
MaiF - Rhvee fost MR Oenfatna vnitenioe

33 Opecrutionsl sypects

Stracth selatad o subauing cvalatnes epwmdiag wae a by
SEomuten! Bty pong many I e of Jimeetilont mase

3, b af attenthas work hond imteass vic

The human toguma b s dopacade on mase chaewderstics
e dowel yasl banbution impaluvencu, tealitng,
Matuation, o pavchelogeal agaty amd phockognal
combitions I adbitue anwname mas he tohaod wooae of
aguited fanuhanty with oo

At present time, due to the lack of collected or published data,
1t s very dithicult to exactly quantity this effect of nowse on a
malitary aircratl prlot

Studies attempting to correlate objective measurements with

abject response are currently incourse i the automotive
wdistry Nevertheless  the derived  andexes (mainly  the
Compesite Rating of Preference, CRP, and its moditications,
2nd ATA Intemational Conference on Vehicle Comfort -
October 14-16, 1992) result of poor apphcation tor mihitary
aircrafl noise quality desciiption

In the present work the Tone Corrected Perceived Nowse Level
(PNLT), defined i FAR Part 36 and ICAO Annex 16 for
commeren] wmreraft nowie enssion regulation and certitication
purposes and retlecting the human annovance to sound at
ditferent (requencies and fevels, has been tound o provide
suflicient correlation with pilot nowse quahits reporting

This vould be related 1o the speatic nature of et arctafts
cochpit soise, swhere chatactenst.os of impulsiveness o tapid
Nuctuations are oot present, and to e typrcal spevtrum shagwe
at prlors car, whete low fregucnes ae domiant

3. THE DESIGN-TO-NOISE APPROACH

A realistic vonNpit desigi-tosnong appraach s osumnansad
the tlow chart of Bipure 202 whete the tolfowig phaws are
vuthned
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environment at pilot's ear that can have impacts both on the
hearing damage risk and on the quality of noise.

The design-to-noise approach will be deeply discussed in the
following Chapters.
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Figute 20 - Cockpit nevse design and ventication

4. COCKPIT NOISE REQUIREMENTS

Requirements concerning cockpit noise design and verification
may be found in Mil-Std-1789A "Sound Pressure Levels
Avrafls”, superseding Mil-8-008806

Requirements are -onfined to the maxamum allowable sound
pressure level for hearing  conservation and  satistactony
commusucation. Nothing s sard about pHot comtort enteria

A sumunary of cockpit noise reqarements for a lighter wreraft
1s reported in Table 201

COCKPIT NOISE REQUIREMENTS

Rused on ML ST 7804
HIRARING DaMaGE COMMUNICATIONS Cintrony
A MRt [aXl]
o
LONIINLOLY NOISE Desig. Vet ion Viowod vt Whym v v bl
AReen BRI Y demae doporniiey
W hans dasly I e gt Tom st § Lammmmmiavg
e sl fawd oue eaer N
based on sars o) waage onldug At gy b o
meseion jaoiles, watd | oo | onies daduom
g e dar oy d g LLCC L) LT Y
MPLLAIY A SOBK L]
Ubulane A Ty e Naith g by Ly
APL £ 140 ¢ peak atal v s e
o g et womn poaks » 1 n vl o hrboga of e ts
ansises boanaia FaroLogn b 1ehive
1¥ieront bvel snd drvion bty woh wias
e z.‘ MEI_
MUULEBUD) Nuial " . ot o
WL EIA 40w 150 4BA [T EORY [ TV RN
whis vl @ ety U R ooud PR Rt
gl from L 1 4tvan M N .

Table 201 Summary clohpit mose tequitenwents

4.1, Hearing dumage

Muil-Std-1789A  detines the allowable Aowaightad  sound
pressure levels and exposure times at the et canal o ctew and
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passengers of United States Air Force (USAF) aircrafts to
prevent hearing damage, Keep eftective porformance and avoid
damage or unwanted responses of the whole hwman oody.

411 CONTINUOUS BROADBAND NOISE

Daily exposures to continuous noise shall not exceed 84 dBA,
in the frequency range 25+20000 Hz, for 8 hours.
For different noise levels, L, the limiting daily duration (1.DD)

of exposure is to be determined from the equation:

% I
LDD (hours) =72 4

which is based on the assumption that an increase of the
overall level of 4 dBA halves the allowable expasure time.

No limit of exposure is stated {or notse fevels below 78 dBA,
whilst levels higher than 115 dBA are never allowed

In case of daly exposure to noise fields ditffering in level and
duration the Totad Daily Exposure (TDE) shall be caleulated by
«dding the fractions

Observed Dy Duration. O
LhD

Limiting l)znlﬁ Duration

tor all the exposures m any one workday
TDE shall not exceed uniy (1)

For Night members the TDE entenon shai! be hased on wirerat
usage and misston profiles at light condiions dunng which
totse levels are effectivels constunt wath all the required
aunilian control svstem,
detrosting svstem, ¢te ) ur opetation. Caleulations shall wclude
norse preduced by the tn-Flight Retucilng Probe (IFRP)Y and

extenl stores, where applivable

systems (e g environmental

The allowuble ditly missons, tor the same plot, will be
UIDE

412 IMPULSIVE NOLE

Imputsive noise, it e between peaks s b weond op less e g
puntized, shall not excead 10 QB peak soumd pressin: Jesel
und shall be treated an i continmous broadband norw

Sepagate cntetia for repeated mpubses swith and without
tetlection ae goven as Tunction ol level and duration

413 WHOLK BODY N BN PO N

I order e prevent adverae etlats of hagh lesels of soud o
the shole ady a hinat of 14¢ 1 e FSO dHA, whicheser 1
leas, 13 apevatied for ams aclave bad i the lioguens range 1 »
A0 §12
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4.2. Communication

Threc  criteria are  specified  for  the  assessment  of
communication intelligibility in the presence of noise in a
mlitary aircraft.

4.2.1.  ARTICULATION INDEX

The Articulation Index (Al is a design cniterion usefu! for
predicting and resolving potential conunumication  systems
intethigibility problems quite early in the design process.

For u two seat fighter aircraft the Al criterion, applving to
prlotcopifot and communicatich equipment, may be
Al 203
Al203

- UHF/VHF radio communication

- haterphore communication

Table 20 {1 reports the speech telhgibility associated to the
Al value

ARTICULATION INDEN SPEECH INTELLIGIBILITY

from 00 to O3 Unsatistactony or inarginally satisfacton

from 03 10 08 Cietwral acyeplably

trean VS w0 07 Lioad

from 07 1o )0 Very goud 1o eveellent

Table 20 11 Quabity ot ypeerh intelligimlin

The Al sholl be calcolated maccotdance wath the third octave
band caleulation method reported i ANSE S35 and using
predicted or measured nowse spectia A visual explanation of
the calenlation procedure 1s given i Fgure 203

B e e
e s

Fagae 01 Nhaniah e iy ialonia, o peenkae

Al wenlicationr praedute Joe groumd-teair 1adio

caunutivation ahall consider the tolloaing

talket mouth distame o the nncrupdiune, o otlet to
oxacty quantiy e spocch spoctinem o be uwd (ANSENT S
repadtty an wealised spocch spevtium ot 1 om o the talker
tuthy,

- frequency transier function of the communication system al
difTerent volume controls;
- ambient noisc;

- headset sound attenuation

Al verification procedure for air-to-ground and air-to-air radio
communication and interphone communication shall also take
nto account for the oxygen mask transmission loss.

4.2.2.  MODIFIED RHYME TEST

The Modified Rhyme Test (MRT) is a verification criterion for
the worst case noise conditions.

The MRT s based on the understanding percentage of
monosyllabic english words by operational personnel, routinely
used by talkers and histeners, in a noise field that simulates the
actual aireratl noise at the flight member's position. Scores less
than 70% are considered unaceeptable. Table 20.111 shows a
comparison betweer: AL and MRT eriteria

A desenplion of the MR testing s contained i AFAMRL-
IR-RO:23, reporting on o tacility Jocated st USAY nedical
centre {Ohioy, called VOCRES (VOice  Commumcation
Research Evaduation System)

A method tor measuning the wtelhgibliy of speech over
cotmmunication svstems 1s given in ANSIES3 2

COMMUNICATION NCORY

REQUIREMENTS MRT Al

Eaveptionally high itelliginla
separale as Hlables uikntood YTy 07

Normwlhy accegtable mtethigitniny
abuoul Y8% ol wontermen vtactiy heaid. FA us
sniple digiia winlersload

[XT Iy aveeptable iellugbalay,

Livited atarslanhisad phrases uwditatond,
abuwit Hi%e wortetmes vorraath heard

ahie Sl 1 wrgpens e between A wnd VK]

423 SEEFCHINTARVERINCE LKAV RE

Moy uhstenon Aall be appliad i cawe of  facs doace
vongmucaiiogs o nusson atcas of pluoes i which they ate
viitical o desirable

Royuitcatienty ate given in terms of SH (aliay PRI based on
distanee, level ol conunumcating o and  cnticaliy. of
vosntiuitination Verstication st e doee by analyws

Contuston fesetlts tetweun SH amd PRI as ey we delussd
It an the opponate manser Fhe ettaets ol ditferent fevels ot
IMAC W VUIe comtwination are shown i Figwe 204
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Figure 20 3 - Effectiveness of voice communication

4.3. Comfort

The subjective noise perception. in a military atreraft cockpit
noise venfication procedure, shall be considered as much as
medical and communication impacts

Noise charactensties at pilots car mav result unsatistactory
even 1 no heanng damage nsk and good communication have
been venfied

The most annoving nowse charactenistics, despite an aceeptable
overall lever, #re tonality, sharpness and spectral distnbution
Helimet and carcups role on thes matter, as already said betore,
15 of fundwmental importance

A suggested venfication tool could be the PNIT andex that,
like dBA, 15 a werghted scund pressare tevel (hased on the Noy
curves) and combites humat mmosance to loudness, also
accouning tor tonal'ty charactensiie ol nose

Figure 20 5 shows how the human annovanee response clirve
chamges as Tunction of notse Jevel The Percenved Norse Level
(IPNL) seale mdcates that o change of 10 PNAB habves o
dinibles the sy ance

A ample nuathenwtical  transposiior was developed  that
mtegrates the Nov values over an amalvsed 173 actave band
spectrum to give a sugle-number mmvance value i percerved
nope decibelts (PN

A special Tpenalte® for diseets tone owndud sanes with the
trequency and the dilerence i lesel between the tone
and the adpwent boguane hads) s addaed W the PNLE o
awoant for the tone semsig dueactenstic ol the hunan
heanmg saatem The tinal sesult of the computation s the o
corredted pernened noswe level (NI T

Hased o the AlemwAcnnedn exvetience. Jesnaad
Chapter 9, the PNLT values sale reposted i Table 201V s
sugpested Tor the evaluation of noes quabite ot ks cat

BAND S0OUND PRESSURE LEVEL (dB]

FREQUENCY (e}

Pagure 205 Human respetse o sound oudness sceoanting o annevanee

PNLT [dB] NOISE QUALITY
below 90 Excellent
from 90 o 9s Veny good
trom 98 10 100 Ciood
from 100 W JOS Generad aveeptable
from 108 10 110 Margmally salstacton
above 110 U nsatistactony

Table 20088 - Possible soate for aonse qualily quantitisation

S. COCKPIT NOISE PREDICTIONS

Current state-of-the-art does nob allow to pertorm an effective
and acenrate prediction ol cockpait nose

When dita trom samlar arcrofls are avanlable the problem i
ruther sunphiied unless vanations are toreseen e the aunalin
sVNteIn attangenent of sttong muditications of cochpt solume
are nevessan (¢ g tmnlomation oF a single seat tighter
wrcri o i two scatet)

Celoulation mcethads o predict exterial o ewaitg the
cochpit sarroundig stivcture ate only avarlable lor a hnated
nutuber of sources (e tirbulent boundany kiver o, et
nopse, el store nose. ity o), tesulling the
gerodviatie contnbution the ponapai one at hagh dowane
|)",'\\lﬂ\.'

he quote part of extertial norse that iy wamautted ingde the
voukpat through wr paths s regulated by stisctire ansanssing
lons aid v cov kit o compuonent ot rediunm unpottinee
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Structure-bome noise is instead the major component but it is
very difficult to be predicted in level.

FEM/BEM (Fite Element Model/Boundary Element Model)
techniques represent 8 numerical tool for an acceptable
acoustic design of the project. These techniques are currently
used as a "what-if" methodology, that means that the model is
used to evaluate trial modifications of the project until an
acceptable noise and vibration reduction is achicved.

Lven if large models are used the FEM/BEM qualitative
assessment may be considered of sufficient confidence for the
low frequency range (up to 200 Hz) but the predicted noise
levels are still questionable. The advantage is the possibility to
improve the acoustic design of the project ignoring the exact
quantification of the exciting sources.

6. DESIGN RECOMMENDATIONS

Main attention for cockpit notse control sha'l be put in the
structural, acrodynamic and environmental control  svstem
design

Acrodynamic  and  environmental  control - systen
recommendations are usually based on experience

design

Structural  design  recommendations may be a result of

FEM/BEM analysis. Nevertheless tie mathematical modelling
of the structure results to be available when the aircraft design
has been fully developed, therefore nowse and  vibration
problems which require major redesign actions are encountered
when moditications are difticult to be introduced, unless delays
in the design evele and costs nerease are aceepted.

6.1. Structural design recommendationys
The structural design shall consider both transmitied noise

attenuation  and  source The  tollowing
guidehines may be stated

nose  reduction

6,11, AIR-BORNKE NOISE CONTROL

Cockpit  surrounding  structure shall  mateh the nght
compromise of high mass wnd low stithhess o oller an
ueceplable barmer (transnnssion loss) to ar-borme transmitied
nose from outside For the current standard of adrframe
structures this component of cochpit noise 15 not of primary
mportance so the imtial design may exclude peculiar solutions
agmnst wr-bome Notse  hamers can be guickhy
witegrated ito the thermal msulation treatment f required s
prototype tests

norse

Cockpat surrounding structure shatl he as imoch us possibly
msulted from compartiments o bavs where speatic nose
sowrees are lovated (¢ g environmental control system bay, gun
hav, ote Y or high nose Tevels are expected o be reached (¢ g

landing gear bay, weapon bay, [FRP bay for retractable
installations).

Canopy transmission loss shall be comparable with fuselage
sidewalls one. Plexiglas or polycarbonate canopies shall have a
medium thickness not lower than 8 mm (better 12 mm) with
higher values for large surfaces. Bullet-resisting solutions will
offer both higher protection from outside noise and higher
damping for canopy vibrations radiated noise. Cockpit noise
penalties are to be expected when the ejection scat system
requires  canopy transparency with high  brittleness
characteristics.

Windscreen and canopy shall incorporate additional seals to
the pressurisation one if high velocity air penetration in the
coupling slots is expected to occur.

6.1.2.  STRUCTURF-BORNE NOISE CONTROL.

Structure-bome noise shall be controlled by avoiding the use of
large pancls and attempting to increase as much as possible,
compatibly with weight restrictions, the frequency of the
fundamental vibration modes, both of single pancls and of
assembled siucture.

High trequency vibrations are unlikely to be coupled with
cockpit volume acoustic modes and may be better controlled
using sound absorbing und viscoclastic damping materials.

Viscoclastic damping materials acts to dissiy ate the vibrational
energy in the structure that radiates as sound. Damping
suppresses mainly resonant motion, ouc of resonance forced
vibrations are slightly attenuated by the pasallel effect of
stittness aind mass inereasing.

Viscoclastic selection shall account for trequency, temperature
and thickness of the panel to be attenuated. Constrained-layer
damping systems shall be preferred to free-layer ones as more
energy is dissipated by shear deformation of the damping layer
In the free-laver system energy is dissipated as a result of
extension and compression of the dataping layer

Free-laver damping  systems are attached  directly to the
structure srtace with o bonding agent, constrmined  layer
damping systems are bonded on a constraming layer so to torm
a xandwich when attached to the structure

Latge pancis, like lNoor and bulkheads, shall have high
charactenistics of siliiess and damping to reduce sound
radintion Sundwich solutions, consisting o two sheet of metal
and g viscoelustic wnner laver, are to be prefened tor panels
wetich & ¢ expected to be a signiticant noise source

Chuctarad damping chaructersstics of componeits in composite
hitern, s be ncreased by placing o SYNCORE ply
beiwewn the two shin




No physical connections shall be allowed between cockpit floor
or bulkheads and ducts or pipes with high velocity internal
flow.

Avionics bay doors shall be cured in order to maximise sealing
and to avoid backlash and hammering of the locking levers.

6.2. Aerodynamic design recommendations

The aerodynamic design shall be addressed to minimisc
potential noise sources and 10 keep them as weak as possible.

Alignment of avionics bay doors, windscreen and canopy with
airframe structure shall be cured to avoid both vortex shedding
and air penetration.

Engine air intake shall be preferable located far away from the
cockpit. The diverter profile for a subsonic aircraft shall avoid
large flow accelerations that can generate shock waves and
flow scparation with great mechanical excitation of the cockpit
surrounding structure. Mass air flow spillage and related
vortex generation, usually occurring in flight for engine intake
of fixed geometry, shall not impinge the fuselage otherwise an
adequate shicld plate shall be introduced.

Fixed non retractable IFRP installations require a proper
acrodynamic design of the root fairing to avoid local sonic
flow, shock waves and flow separation. nevertheless overall
cockpit noise increments of 2+3 dBB mav be found.

The acrodynamic design of excrescences, antennae  and
avionics system fairings located near the cockpit shall follow
the same criteria detailed for the IFRP fairing.

6.3. Environmental control system design recommendations

The air distribution line of the environmental control system
requires proper design cecommendations o avoid that an
optimised mass ar {low, based on environmental control
requirements, results in a too high flow velocity for low noise
levels.

‘The air velocity in the system should preferably not exceed 18
/s and should be kept to be the same as far as possible

Bifurcations shall be forescen betore duct restrictions and air
flow accelerations.

Flow balance onfices or clements producing o diserete

disturbonce shall be located at leust 8 dinmeters upstream of

the outlet

Number of elements producing discrete disturbance o the
distribution system should be kept to a nunimum.

Plenum chambers 1o reduce propugsting noise shall be
comsidered; the intenior surfaces shall be covered with sound
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absorbing material properly protected to avoid air flow
abrasion.

Outlets air velocity shall be kept to a minimum. Jet related
noise is not significant but noisc resulting from the interaction
between flow and guide vares or grilles shall be controlled by
the application of sound absorbing material.

If the pressure ratio of flow regulating valves exceeds 1.75
(intemal flow almost supersonic) the exit flow velocity shall be
progressively reduced by placing a porous septum of sintered
metallic material (retimet) just downward the valve.

Sound tonalities that are expected to propagate in the air
distribution line shall be attenuated by sound absorbing
material inside ducts. Radiated sound from ducts shall be
controlled using vibration damped solutions.

Ram-air inlet ducts shall be positioned far away from the
cockpit and if long ducts are umposed by space restrictions
intake NACA tvpe shall be preferred to the SCOOP type, that
can excite the inlet duct hke an organ pipe.

6.4. Space provision for additional measures

Space provision for future modifications of the project that may
be required by flight measurements shall be forescen in the
initial design 1o avoid possible rejections ol the modification
embodiment on cost-eftective considerations basis.

This mamly applics to the environmental control system if
plenum chambers have not been considered in the initial
design or when an increuse of air distribution ducts diameter
will be required to introduce sound absorbing materiul.

Morcover the introduction of viscoclastic damping materials
and sound absorbing materials on some fuselage panels may
result impossible in retrofit if not considered in advance.

7. COCKPIT NOISE MEASUREMENTS

This is a very delicate poini as muasatements should be as
more objective as possible

Mil-Std-1789A suggests that measurements shall be wken at
pilols cor position with pilot absent. af possible. This s
obviously impossible Tor u single seat fighter aircraft and only
theoretically possible for a two seawr, m fact, due to the small
volume of the cockpit, the vhsence of one pilot can modity the
BCoustics of cavity

Microphonus, tape recorders and analysers shall conform to the
requirements of ANSISL2, 814,816, 8110, 8111, 801

All tape recorded data shall be analysed in third octave band
and w correction shall be made tor the frequency response off
the meusurement und analysis system

-+
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Instrumented helmets should be used only for qualitative or
semi-objective  purposes as they can furnish variable
measurements from flight to {light as function of test pilot use
in tightening his helmet.

The use of a head simulator, when possible, will be the best
solution in terms of objectivity of measurements.

8. ADVANCED NOISE CONTROL MEASURES

The demanding performance required from a modemn combat
aircrafl results in little mass or volume available for passive
noisce attenuation.

The cockpit noise is typically on the order of 110+120 dB
OASPL, with highest levels in the 250 and 500 octave hands.

The attenuation provided by the helmet is generally poor at low
frequencices so the result is an unpleasant working environment
for the pilot and a degradation of communication quality

Speech intelligibility can be impaired by the noise picked up
by the talker's microphone (reproduced in the listener's
carphone) and by the noise reaching the ear directly through
the helmet.

Noise cancelling microphones help to reduce noise in the first
case, in the second case an Active Noise Reduction (ANR)
system can be used at low frequency to complement the passive
earphone noise attenuation at high trequency.

The objective of the ANR system is 1o create a quicter
environment at the car and clearer communication capability
This goal is achieved by cancelling the acoustic noise wath an
out-of-phase noise.

By using mimature microphones mounted mside  special
carcups of the headset, the system monitors the acoustic
environment at the pilot's car and compares it with the
communication signal The dilterence Setween the two signals
ts used to generate the out-of-phase nose,

Some ANR systems are close o qualification for use m modern
military combat aircraft, with a light weight they by-pass all
the low frequency cockpit noise problems that are diflicult to
be controlled using passive measures

9. ASPECIFIC CASE

Recent expeniences on a lugh subsome two seat fighter aircral},
denved from the single seat version, allowed to collect data
both for noise sources identification ond  cockpit  noise
verilication

Morcover the use of pussive noise control measures, identificd
us cost-cflective with relation to the current development state

of the projcci, enabled to quantify the produced benefits on
medical, intelligibility and operational aspects.

Two contributions were found to be dominant in the noise
spectrum at rear pilot's ear and responsible of possible impacts
on flight members for medical, intelligibility and comfort
aspects at high performance flight conditions. The first
contribution was the structure-bome noise originating by
boundary layer turbulence, mass air flow spillage from engine
intake impinging the fusclage (close to the rear pilot station),
flow acceleration on the diverter profile and IFRP (fixed non
retractable installation) root tairing effects, the second one was
a pure ione introduced by the defrosting system, rather
annoying at forward position only for moderate flight speed.

Figure 20.6 reports a schematic view of the aircrafl and the
noise sources location.
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Figure 206 - Two seater fighler arcrail schemutic view and noise sowces location

Cockpit noise measurements were collected using conventional
strumentation. In addition, in order to subjectively evaluate
and objectively quantify noise and intelhigibility at pilot's car,
an artificial head messuring technique  was  successfully
udopted using the HMS 113 HEAD ACOUSTIC SYSTEM.
This is a head and torso simulator having human average
characteristics (geometry and impedance) in particular wath
respect to the car characteristics (see Figure 20.7).

Designed  for  experimental  tests  in the  field o

telecommunications, HMS 113 iy cquipped with artificial
mouth, cur simulators with B&K 4165 nucrophones (phase
matched), preamplifiers, equalizers (to keep compatibility with
conventional measuring systems), buttery package (2 hours
gutonomy), digital recorder (remote control and high dynamices
110 dB), play-back umit with electrostatic headphones

The  frequency  transfer  functions  of  wrerall  system
communications  (UHF/VHF  Radio and 1C), useful for
Articulation Index caleulutions, were measured with the HMS
1.3 system; similarly the head and torso simulator was used in
Night tor the binaural recording of noise and communication
signals at rear pilot's car and to perform Modificd Rhyme Tests
(1o evaluate interphone and ground-to-air radio communication
quality using the play-back system). Helmet attenuation was

-



venified and adjusted before cach flight test o reproduce a
medium carcups force previously identified to be wearing
comfortable

An ANR experimentai kit was also installed mside  the
standard helmet and evaluated in laboratory tests and in-flight
using the HMS 1.3 system. In spite of some problems of ANR
system tuning, a good attenuation was measured at low
frequency making the noise environment more comfortable.
The numerical result was confirmed by the subjective
impressions after the listening of recorded data.
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9.1. Cockpit noise insulation kit

Due to the advanced development state of the project. largely
quahfied danng ground and flight tests on the single seat
version, 1o heavy: modifications of the structure with possible
impacts ot engine performance were Jushilied on cost-etlective
considerations basis

Theretore structure-borme noise was controlled using passive
measures and amproving the IFRI® root tining design Finally
more attention was placed durmg wirerall assembling 1o
mimmise wandscreen and canops nisalignment

Ihe lay up of the noise asulation Mt tabout To Kg) s
schematically showed i igure 208, winle Faguee 209 reports
the moditication of the (FRP 100t tmnng which allowed @
cochpit nosse reduction ot 243 di3 OASPL L depending on the
Mght speed

lo contn the structure radiated sound, constramed-nver
viseoelaste damping matenals where Tagely apphed over the
cochpit surrounding structure, with the exception of very safY
bulkheads

209

Thermal insulation blankets on sidewalls, floor and rear
bulkhead.  already  having  good  sound  absorption
charactenistics, were modified by introducing a noise barrier
polymeric sheet.

NOISE INSULATION KIT I

Frgute 2008 - Nose msulation kat Ty up

Interior cockpit himings were drilled varving holes dimeter and
pitch as function of linng distance from the structure. The
tuned frequency was Kept as lower as possible (about 300 tl2)
This modification contnibuted to reduce cockpit reverberation
up to 2 dB OASPL, as measured durg tull power engine nuns
at rear postition

[RIRTO TR

OVERALL RENEFIT: 2. MdBRA
depending on Night speed

Frgure 209 1ERE rool Lairumg moditiation and refes ant benetit

The pure tone at a frequeney off 500 He mtroduced by the
defrostmg system (DEMIST), particalarhy strong at - front
position and low thght speed, was completely cancelled by
means o shight moditication of the matn e distnbution duct

The moditication (see Figure 20 10) was articulated as tollows

- duet dinneter mereasimg, 1o heep the sime section arcas and
flow velocihies so to preserse the ongiial mass e tow
distribution,

- sound absorbing matenat mserhon for tone attenuation, d
proper surface protection: Was studied 10 avoid e low
abrasion
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9.2. Overali benefits

Figure 20.11 reports the noise msulation Kit benefits m terms
of typical noise spectrum modification and  dBA - OASPI
reduction at rear pilot's car. Measurements were taken with the
HMS TT 3 system
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9.3. Heuring damage verification

Ihe nowse msulation: bt iipact on the allowable mumber of
dualy missions, wath no nish of heanmg handicap. s showed m

Figure 20.12 for the rear cockpit posiion and tvpical aircraft
nission profiles,

T

DAILY MISSIONS NR INCREML.
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Figure 202 12 - Noise insulation kit benetits in terms of daily missions number

increment (rear cockpit)

9.4. Communication intelligibility verification

94.1. ARTICULATION INDEX

Articulation Index were caleulated tor the UHEF/VHE radio
communication svstem and 1C svstem on the basis of measured
data. A swnthesis of results s showed in Figure 20 13 for the
rear cockpit and a range of communication svstems volume
control
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9.4.2.  MODIFIED RHYME TEST

Intelhigibility tests, according to ANSI $3.2 method, were in-
flight carried out, for the sound proof configuration, using the
HMS 11.3 play-back system.

A preliminary phase for listeners skill to talker's pronunciation
was necessary, being required the understanding of
monosyllabic english words by subjects of no english mother
tongue.

During flight at stabilised flight speed, corresponding to the
worst noise environment, two different lists of 50 words were
pronounced by the pilot (front cockpit), using the IC system,
and by a ground operator, using the UHF radio communication
system. Volume controls were selected to -12 dB. All words
were recorded by the HMS 113 data recorder and were
successively listencd, using the play-back system, by a limited
sample of S subjects having available, for each listened word, a
list of six words within which to select the right one. The MRT
scores, corrected for chance, showed good correlation with the
calculated Al values at same conditions

9.5. Pilot comfort verification

In spite of a proved compliance to hearing damage risk and
communication requircments, pilot reportings on noise quality
weie only favourable up to flight speeds quite close to the
boundary.

This led to found a possible index, to correlate the objective
measurements with the pilot subjective perception of noise,
and 8 relevant scale of values, for a comfortable noise
environment quantification,

Best correlation were found using the PNLT index: the
calculated values and the suggested nosse quality scale are
reported in Paragraph 9.6.

9.6. Active Noise Reduction system evaluation

An experimental ANR kit was in-flight nvestigated aller
laboratory tests. Measurements were taken with the HMS 113
system. Some tuning problems at a frequency of 800 Hz were
identitied despite 8 more promising specification requirement,

Nevertheless o good attenuation was  mensured at low
frequency, making the noise environment more comtortable

The umpacts on  heuring  damoge and  communication
intelligibility were instead not us expected because of the noise
levels increment in the 1/ octave band centred on 800 He

Figure 20- 14 reports the ANR benefits in terms of typical noise
spectrum modification and dBA OASPL. reduction at rear
pilots ear, both considening the experimental kit flight test
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measurements and the defined specification requirements for
the active noise control system.
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Figure 20 14 - ANR benefils at rear prlot's ear a) typical spectrum shape
mexdhlicatien, b) dBA OASPL. reduction

Similar impacts on the allowable number of typical daily
missions, articulation index and pilot comfort are reported on
Figures 20.15, 20.16 and 20.17, respectively.
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10. CONCLUSIONS

The applicable concepts for cockpit noise verificatica i a
military arcrult have been described giving emphasis to the
appheuble  requirements  for  medical,  mtelligibilty  and
operational inpacts on Might members

Structure-bome noise has been dentified to be the dominant
source and the most annoymg component, ay poor attenuation
at low frequency 18 1o be expecled from pilols standard

headset. Design recommendations to contain the cockpit noise
problem have been given and an adequate ndex to quantify the
noise quality has been propesed.

Passive control measures can alleviate the overall level at
pilot's ear and improve the allowable number of daily missions
with no risk of hearing handicap. Some benefits on
communication intelligibility and noise quality are also
produced.

Active Noise Reduction system appears to be the more
promising tool for low frequency noise control. The relevant
benefits in terms of allowable number of daily missions,
communication intelligibility and quality of nois: arc
remarkable.
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Noise Transmission and Reduction in Turboprop Aircraft

Douglas G. MacMartin, Gordon L. Basso
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Abstract

There is considerable interest in reducing the cabin noise
environment in turbo-prop aircraft. Various approaches
have been considered at deHavilland Inc., including pas-
sive tuned-vibration absurbers, speaker-based noise can-
cellation, and structural vibration control of the fuselage.
These approaches will be discussed briefly. In addition to
controlling the noise. a method of predicting the internal
noise is required both to evaluate potential noise reduction
approaches, and to validate analytical design models. In-
stead of costly flight tests, or carrying out a ground simu-
lation of the propeller pressure field, a muach simplet recip-
rocal technique can be used. A capacitive scanner is used
to measure the fuselage vibration response on a deHavil-
land Dash-8 fuselage, due to an internal noise source. The
approach is validated by comparing this reciprocal noise
transmission measurement with the direct measurement.
The fuselage noise transmission information is then com-
bined with computer predictions of the propeller pressure
field data to predict the internal noise at two points,

1 Introduction

Numerous researchers, and many aircraft manufactuving
companies have investigated approaches for reducing the
noise within the eabin of commercial turbo-prop aircraft
(see, for example [1-7).) The methods considered include
structural modifications (1), passive damping (2. 3], and
active noise {4, 6), or vibration control (3,7). DeHavilland
Inc. (DHI) has tested tuned vibration absorbers (TVA's)
and active noise cancellation systems, and is involved in
investigating an active vibro-acouslic system. Prior to
flight testing, these and other approaches must be evalu-
ated both on models, and in preliminary ground testing.
It is therefore necessary to characterize the aircraft cabin
noise properties. The research progeain av DHI therefore
involves two aspects, one on noise reduction techniques,
and the other on modelling, model validation, and noise
evaluation,

Externally generated cabin noise sources include bound-
ary layer flow noise. acoustic excitation of the fuselage
from the propeller, and structure-borne noise due to en-
gine vibration and flow distortion uver the wing [8). For
the deHavilland Dash-8 aircraft shown in Figure 1, the
proximity of the propelier dise to the fuselage results in
the narrowband acoustic excitation of the fuselage being
the dominant source of noise.
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Figure 1: DeHavilland Dash-8 aircraft.

There are several options available for noise reduction.
The structure can be modified by stiffening frames, or
thickening skin, however, this yields substantial weight
penalty for a given noise reduction. Passive acoustic or
structural damping is not useful because the response
is primarily forced, rather than resonant. Narrowband
damping approaches using tuned vibration absorbers have
yielded reductions of 10 dB [2], but the improvement is
limited by the difficulty of keeping them tuned in a vary-
ing environment. The simplest active technique is syn.
chrophasing, which should certainly be used, Flight tests
of active control of the internal sound field have yielded
10 dB reductions (4, 8], however, many microphones and
speakers are required to obtain this performance. An al-
ternative active approach is to reduce the acoustic trans
mission of the fuselage using active structural control (5.7).

Both for model-based design, and for evaluation. these
techniqjues require & method for determining the cabin
noise caused by the propellers. Flight tests are ultimately
tequired, but in the carly development stages of a poten.
tial noise reduction technique, they are undesirable be-
cause thev are expensive. A ground simulation of the
propeller noise field incident on the fuselage surface is
possible [9], however this technique requires & complex
two-dimensional array of many londspeakers with mutual
phases and gains correctly adjusted 1o reproduce the cor-
rect pressure distribution. This approach is limited in ap-
plicability, because the simulation will always be imper-
fect, and may also be quite expensive. Computer mod-
elling of the propeller noise field, structural dynamics, and
acouatic field can be used to predict the interior noive,
however, these models must still be validated by experi-
ment at some poind in the design procews.

An alternative approach to experimentally determining

Presented at & Symposium on ‘hwpact of Acostic Loads on Aircraft Structwres’ held in Lilichammer, Norway, Mey 1994,
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Figure 2: Schematic of reciprocal (a) and direct (b) mea-
surement arrangement.

the cabin noise is to use a reciprocal technique. This

approach ix much simpler to implement than the direct*

simulation of the propeller noise field. For a linear, pas-.
sive system, the response at one point due to a source at
a second point is the same as the response at the second
point due to a source at the first [10,11]). Hence, rather
than measuring the noise transmission {rom an external
pressure source to a point in the interior of the aircraft,
one can ineasure the surface vibration of the fuselage due
to a point noise source inside the aircraft. This informa-
tion can be combined with computer predictions of the
propeller pressure, to predict cabin sound levels. One ad-
vantage of such a technique is that once the noise trans-
mission data have been obtained, the internal noise can
be predicted for any pressure distribution, corresponding
to different engine vpm or flight conditions.

A reciprocal approach for examining structure-borne
sound transmission into aircraft has been suggested by
Vér 12, 13], who gives an experimental validation compar-
ing the direct and reciprocal transfer functions between
a point foree and internal sound piessure. Mason and
Fahy [14-16] developed a reciprocal approach for measus-
ing transmission from external sound pressure o inter-
nal noise. The approach subdivides the surface area into
small scan elements, and uses a capacitive measurement
of the surface vibration on each elsment. The technique
was validated on a box, with excellent agreement obtained
betweon direct and reciprocal measurements. The recip-
rocal techrique was then used for noise evaluation on scale
models of aircraft-like struciures (1),

This paper gives a summary of the noise reduction tech-
niques considered at DRI and then describes the collab-
orative research irvolving the National Research Coun-
cil of Canada (NRC) and deHavilland Inc. on reciprocal
noise iransmission measurements. This research extends
the work of previcus authors by developing, validating,
and demonstrating a reciprocal approach for measuring
sound transmission through the fuselage on a full-scale
aiverafi. Asin Mason and Fahy's work, a monopole sound
source is located inside the fuselage, and & non-contacting
eapacitive probe is used 1o mesanre the external sutlace
vibration. The arrangement is shown schematically in Fig:
ute 2. To verily reciprocity. the direct transter function
is alio measured, using & horn designed 1o insouily a sin-
gle element of the fuselage surface. Excelient agreement
has been obiained between direct and reciprocal measure-
ments,

The alrceaft surface ia scanned. and the data oblained
is combined with propeller premaure kield information to
predict the interine nolse al two locations. The prediction
agrees well with measured Right test data. Finally, the
tatal numiber of scan clements wsed is gradually rwdueed,
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to determine the minimum number required to obtain a
useful prediction.

2 Noise Reduction Techniques

deHavilland Inc. has been a pioneer in the production
of regional aircraft with low exterior noise [17]. For a
number of years, it has been recognized at deHaviiland
Inc. that cabin noise levels in turbo-prop regional aircraft
must be reduced until they approach those of turbofan
powered airliners. Various passive and active methods of
cabin noise reduction have been investigated.

The most obvious approach is to first apply control to the
relative speeds of rotation of the propellers. This strategy,
known as synchronizing, minimizes the annoyance of mod-
ulation, or “beating”, of the propellers. It is then recog-
nized that the sound fields of the individual propellets can
be made to interfere destructively by controlling the rel-
ative phase angle of the propellers. This strategy, known
as synchrophasing is clearly just a refinement of propeller
synchronizing and both are almost always used. The pro-
peller manufacturer designs and builds an effective control
unit which the airframe manufacturer then integrates into
the aircraft, Noise reductions of several dB(A) are possi-
ble, with minimal associated weight penalty and cost.

Typically, the optimization of the angle has heen based
on flight test data. Microphone infermation can be taken
with the propellers running at different speeds. in order 10
separate out the effects of each propeller. A xecond test
with the propeller speeds switched yields model informa-
tion for both propellers at both speeds. Optimiaation of
the telative angle is then straightforward. Only a wmall
change in the optimal phase angle is observed depend
ing on whether the cost function is the peak sonnd pres.
sure level, or the mean-square level. This is illustrated
in Figure 3, where the variation in peak noise. and in
total acoustic power are xhown as a function of the rel.
ative phase angle beiween the propellers, for a Dash-
Series 100 aircraft,

The transmission of propeller noisc into the cabin is a fuae-
tion of the design of the fuselage shell structure (frames.
stringers, skins, eic.) and of both the structural design
and attachments of the interior (bink, widewall panels,
etc.). Rigorous optimization techniques (18] and Taguchi
{or Design of Experiments) techniques [19] can be naed
to design fuselage and interior siructures with lower noise
transmission propertivs. This strategy will be followed in
future DHI designs. Ofven significant cabin noise redue-
tions can be achieved only at the expense of some incroase
in weight. The cast b minimal if this strategy forms pan
of the initlal design process.

Substantial effort has been invested in developing pas
sive tuned vibration absorber {TVA) systems for both the
Dash-8 Series 100 and Series 300 aircraft. Thene systems
have been dight tested. and ate currently available in pro-
ductlon aircralt. Noe reductions of several dB{A) are
ublained for a total weight peaalty of tens of kilograms.
along with ibe cont of 1he ssociated hardware.

The TVA is a one degee of freedom spring: mass-demper
system with a resonunce at one unwanted frequency, wen-
ally vither the blade passage lrequency | BPF) or 2x BPF
At craine engine vpn. Normally, TVA's are mowsted on
fuselage frames. In the vicinity of the resonant lrequency
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Figure B2 Active noise/vibration control systems.

The locations of the TVA’s were chosen based on an inten-
sive optimization that used a purely measurement-hased
model obtained during flight tests. This metivates the
noise transmission studies discussed in the following sec-
tions of thix paper, since in this case, project costs conld
peobably have been reduced if a verified dynamic vibro-
acoustic model were available for design purposes. Turn
around time between designs could alo be reduced. Fie
nally, cost-beneht trade xtudies betwren the number (and
thus the weight) of TVA’s and cabin noise redud tion conld
have been condueted.

One of the disadvantages of this pamsive approach, aside
from the ubrious weight pemalty of placing masses in the
fuselage. s that of either keeping the TVA's tuned in a
varying envitoament. or accepting the performance pe
duction associated with increasing the TVA bandwidih,
Moreaver, the TVA is really only effective over the te-
quired range of oporaling spevds of the propelier, inclnd-
ing takeoll, climb aml crnine,

In order 10 reduer the nolse lovol further. varions active
wolse reduction schewes can be conslderod. One approach
i 10 place a largo aumber of speakers and microphones
within the passonges compariment. and wse an active nome
eanceliation (ARC) system 10 minimize the mean-squary
ound pressute level at the microphone locations. This

Figuse ¢t Improvement in deflection shape with TVA's,

the TVA provides a high impedance to vibration at i
monnting point. Since the internal acoutic feld i forend
by the funclage vibration, teducing these lovels alio tonds
10 reduce cabin nolie. Txpleal before and after vibiation
levels achieved un a Dask 8 Sevies 100 analytical madel
are llustrated in Figere 4.

1n chouking the damping of the TVA, thete i a devign
teade-off between low damping 10 give briler porformansce
at the resonancy frequency. and high damping 1o increae
the bandwidth of 1he disipation. For this application,
a relatiwly broad bandwidth must be chawen, duwe W
changes in Whe vigine tpm betwoen cruie, climb, and de-
scont, and variehility in the system dynamics due (o vuvi
roamental and presarization effects. This safortenstely
translatvs into poorer periormance for each TVA. n prac-
tive, the spring cloment s sither wotallic, ronuiiing in low
damping, ot an dastomer slected for low semitivity ‘o
temperatue oflects, gving moderste 10 bigh damping.

wiup is ilustratod schematically in Figure 5. The cagine
tpm ean be wied m an inpat, so that extremely nacrow-
band controllers can bo implomentod, with cortespond:
ingly guod perfurmance. Shmilar systoms have been fight
tested on other alteraft {4,8], with nolse reductions of ap-
proximately 10 dB.  Flight 1ests condueted with XO°F
England on e Danh-8 aircralt bave achieved generally
similar resalis. The ovcrall installation can be expecivd
m@:ﬂ%muhhamdhmlmﬁ
S100K.

Wille this approsch has been suceenelully figght tested,
thete are still & tow disadvantages s addition 1o weight
and comt. I i difficalt 1o integrate o lage sember ol
bulky spealwrs inte the pasevager compariment. Thete s
& Wradleoll betweon reduced spealver enclosate volume sad
efficiency. T reliability and maintalnance ot of L
aystem teinain 1o be quantified. Finally. Sight tonts have
shown that the sysiem tends 10 inctoase cabin vibration
fevels, which ate already high in o torho-prop aieceafi.
This i 16 be expecied wince cabin actvletalions are st
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typically included in the cost function of an ANC system.

An alternative active approach that is currently being in-
vestigated by DH! and NRC is to use structural actuators
to control the fuselage vibration [7]. The active vibro-
acoustic syatem is also shown in Figure S, where a cuntro!
force is used to reduce the structural vibration that cre-
ates the sound. This approach has the advantage that
few actuators are needed, since the vibration need only
be controlled where the propeller disturbance is highest.
This immediately translates into a weight saving. Further
advantages can be realized if feedback of structural mo-
tion is used rather than of the internal sound ficld. Similar
noise reductions can be achieved, but with a simpler, less
intrusive system. Because the transfer functions involved
are simpler, robustness is improved, and simple control
laws can be used. Simulations with a simple analytical
model indicate that a noise reduction of 10 dBA can be
achieved with a relatively small number of piczoclectric
actuators banded to fuseluge frames [T]. Optimization of
actuator and sensor numbers and locations will be deter.
mined basedd on & measurement model

As with the other noise teduction technigues, design times
and therefore cont can be reduced with a detailed analyt-
wal model. Such a model can oaly be naed rehably for
design if it s validated by measured data at some poiny in
the design process, Therefore, it s necessary to consider
simple approaches 1o oblaining measured data for model
valudation. The reciprocity sechnigue described berein can
also be wied fur evalnation of woise reduction techuigues
i ground testing.

3 Reciproeity Theory

Reciprocity was frat shown 1o hold for vibeating systemn
by Lord Rayligh [10] in 1673, and it bolds for any lis:
car, pasaive system [11], including vibro-aconstic sysiems.
The aireraft fuselage will have womee won-linen. damping
mechaninme, bt the effeet of these on the reipiacity s
lationship i simall. The fundamenta) peineiple b 1hat vhe
vramsder fanction (rom & sourer &t ol point 10 4 teapoRse
a another in the same as the transter fonetion wib sourcr
and response mtcrchanged. This property holds as long o+
the product of Vhe inpat 2ud vstpet variables at vach Jo-
colion i praportional 1o the power flow into 1he sysom
Thin propetty of systons b wed extensively, becamse 3
W lrequently simpler 1o mciaior the teciprocal Leinaler
function than the dinet ansiot Bivs"on of interess.
To conduct intetion nohe mee - aews due to the pro
peller presatre brdd, the extecial sarles of the arerall
Tusvlage b Arst subdivided into & wumbiet of scan srean, an
Wlustrated in Figure 6 The slie of the wan atva tequiited s
bawed on the minimam vibration warelrngth 10 br consid:
cied. and on 1he fuardage strucintal dynamic propettios
The subaet of scan vivuwute on which the sxteinal pro-
prliet pivsnnre Seld ts Dighest s consiivivd, an idivated
o the Figiste. The ucir teaiaisiocion of the tewlags lfom
vach of theae scul olesivnts to coch internal point desieed
is meacaiod. The total internal hoine i« obiaied s com-
ot this inlormation with the compatet predicted o
peliet et Bekl ob cnch wun clrinent. aind summing
et The propelies’s sromtic “foutprint®

The dorvct Nkve Vnnsdivion trainler innetion o the ot
cralt baelage s that how an vxternal pressute bebd o
applivd 10 & il swan ewent 10 the prrwiiv 48
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Figure 8: Fusclage scan clements for which nob trass:
mbsion s measured.  The arca wnder the wing-box
shrowd i lelt Mank. Elements shown dotted acre not
sanned.  The propeller plance i marked with a solid
fine.

internal pownt (shown in Figure 2h) e trancder fune:

How /. i Ihe esponse 1hat i Bvuited 1o predict inters

wal wowe. The repprval meowtcment b from an inter:

wal acomatie volume velocity somtor of strengih €, 1o the
vibrational volume selocity Q. on the sarface (shown in

Flanto 2a). This transder function Q./Q. & weed instead

ol the ditect measnrement. becawse il s casief 1o Wca:

stte the trapomie of a singhe sutface clemient 1han it s 1o

apply acomstic Toads 16 only 1had dlement  For a singhe -

R, teciprocity gives that thewe twn Sramsber functions

e rqual:
¢ .6 m
Q. = [
where both quantities ate functions of friequews  Reo-
procity bobds becanse: both Qope amd Q,p, tepirent the

powes put 10 The Lo aconslic sistem. die 1o the

wareis o ad Q. tenpectivedy

Clivew the ettcrnal proisute disttibation. thes the internal
wund field can b computed as the saiy abet the N wan
choments of the ot prist.

b 3
- 2 (%—:):pk '

w2t

Thin form of the tevigno oty relationslip in sheatly pee.
sweoted i {11, 16).

Ouer the tratmiet fnpctions Q. /Q, have beet ednutvd.
e be prodicted Tor any external Seld. Lt any gt
reptie. The measutviwnts can be made ol o ciatinnal
aicrelt wihost modibcation, sed breane the senun &
sol-contacting. % durs aol deoll chaigr the respionw That
s ahwvend. Huwcver, 1 soare ) must be localed &
wach ltvenal poit Ny which p, is dositodd, s the Fumilage
waboed. The snmber of swas sioawats roeiind 16 gt an

- -




accurate preqiction may be large. .However, if only the
approXimate diffcrence in noise level betwedn-two cases is
needed, then an adequate prediction of p, could be ob-
tained by measuzing Q. over a much smaller number of
elements.

The reciprocal method can also be used to evaluate
structure-borne noise. The internal sound pressure due to
an externally applied point force is p,/f.. By reciprocity,
this transfer function satisfies

P Ue

LEa (3)
where v./Q, is the response from the internal volume ve-
locity source to a point velocity measurement taken using
an accelerometer located at the point of force application.
This result could be used to evaluate the contribution to
the interior noise due to engine imbalance and wing vi-
bhration loads being transmitted into the internal acoustic
field through the wing-box.

4 Experiment Equipment

The full-scale demonstration of the reciprocal approach
for noise transmission measurements involves a monopole
noise sonrce located inside the aircraft, and a capacitive
scannier to measure the externai tuselage vibration. This
nicasures the transfer function Q./Q, in Eqgnation (1) or
{2). ‘The approach was validated by comparing this trans-
fer function for one clement to the directly measured trans-
fer function, p/pe in Eqguation (1), The direct measure-
ment required a horn designed to insonify a single element
of the aircraft fuselage. The arrangement of the sensors
and sources in the two approaches is shown in Figare 2,
The equipment is described in detail below.

4.1  Alrcraft Fuselage

The experimental aircraft is a debiavilland Dash- 8 Scries
100 fuselage without wings and empennage. The interior
is *green’; there is no trim or seats, although the internal
insulation is present. As a result, there is less acoustic and
structural damping than would be preseut in an actual
aircraft, The aircralt was supported during the tests by
aw overhead crane attached 1o the fore and aft edges of
the wing box un either side of the fuselage, The aireraft
wax prevented from swinging by foam-lined support stands
thar allowed scanning of the underside of the aircrale, ‘This
system provides a reproducible method of supporting the
airceaft that ik representative of the true flight conditions,

The external sarface of the fusclage between the fore and
alt ends of the passenger compartment was marked off
into sean elements 20,8 wnches axially by 5 inches circum-
ferentially. ‘T'he dimewsions were sedected so that the ol
cietit boundaries are defined by the fuselage frames and
stringers, The frames and stringers dominate the stene
tural dynamies of the modes that couple with the internal
and external acoustie fiekd, and therefore, details of the
skin vibration in between frames arc iveclevamt. ‘The sean
clements are labelled A through Q axially, and ) through
64 cirenmferentially.

4.2 Mouapole Saund Source

The internal sound souree i a dodecahedion, shows
schematically in Figure 7, with twelve 100 Watt speak-
ot each centred on & peatagon of sides 8 inches, Based on

RO R

/-

Figure 7: Schematic of dodecahedron noise source used
for reciprocal measurements.

the enclosed volume, the equivalent spherical radius is 7.5
inches, which is small compared to the wavelengths of in-
terest. Calibration tests indicated that this configuration
operates as a uniform monopole source between 50 and
500 Hz, except at distances on the order of the equivalent
radius or smaller.

The sound source was calibrated in an anechoic chamber
using a reciprocal approach. The transfer function from
the drive current Iy applied to the dodecahedron source,
to the voltage response £, of an auxiliary speaker was
measured. Next, the dodecahedron was replaced by a mi-
crophone, and the sound pressure £y at that location due
to the drive current I, applied to the auxiliary loudspeaker
was measured. Recipracity gives that E./Qu = Pu/l,.
since both &4 1y and QaPy represent power flow into the
acoustic system. The calibration curve for the dodecahe-
dran sound sonrce is therefore given by

Qu (Ea) (L
la ;(I.a)(l’.:) A
4.3 Capacltance Probe

Vibrational volume veloeity of the oxternal surface s mea-
suredd with o hand-held capacitance probe, shown in Fig-
ure 8. The prabe has a concave sarface o mateh the fyse-
fage curvature, and dimensions equal 1o a single sean el
ment. The area-averaging effect of the probe is desirable,
since only those features of the vibration that transmit
soumd elfectively below 300 Hae are of interest,

The change in capacitance vaused by fusclage mution s
wmeasured by the eirenit in Fignre 9 The 1000V polar-
ising voltage between the probe and aireralt i wsed 1o
hnprove sensitivity. This does not pose 4 harand to the
aperator, due 1o the high impedance of the virvuit. The
capacitance plate w shickled to teduee poise, and the ale-
craft is grounded,

The probe has fune feer with buili-in LVDT sensors amd
springe (o give & measure of the prosaure being applied
This infurmation is displayed on a wit of LEDs s that the
operator can maintain o constant holding prewsure, and
therefore constant offsct.  The remdution is 0,002 inches,
cotresponding 1o a measnrement eoror of 2008 dB. The
radiun of curvature of the Dash 8 fusclage changes W ap-
praximately the Bour fevel, and the pusition of cach fool
can be adjusted 1o mamtain 1he correet alfaet while 1aking
data in this region.

The probe was calibrated usiog o sUll lighiweight plaie
with the same carvature, and with it st bending tyde
above the froquencies of intersat. The ealibration plate

S |




216

Fignre 8; Non-contacting capacitanee probe for surface
velociby aeasirements.
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Flignre 9t Capacivanee probw cieenit

was mounted on 4 shaker, and the output of the probe
curpated with the natput of acorlepaneters mousted on
the plate  AY an allsot of 1 2% inches, the probe ontput is
approsimatels 100V 20m 7 fo), with an increase b sensiliv
iy as b oflset is decreaned. Fringe cfects are the onder
ol Vhe ulfact distanee 261, and can thercfore be igaored.

44 Extornal Sommd Sourve

T vablidate the eaaproncal approach, the fusclage aiee
Uanstiinaton Mopetiies . one clomem wete easuivd i
teatly, wsing 4 hotw designesd Vo insanily 2 singh clement
ul the aievealt fusclage, shown scbemativally e Figue 1o
Lhe ineple walls ul the hetn are lined with foasm, Vo cligi
Hale avutteln frsanamirs aml inprove the spatial aud fre.
sprenc s amtbirmiity of the sound pacasure ot the month of
the bhorn A probe with a g rophose was pasd Jo obilain
the avetags value ol the pressuie hebd topuging on the

St em s e e P et e VEUORVIEE

Aluminum shield Aircraft skin
¢ AN Scanclement [
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Rubber scal’/
Probe Microphone probe
locations

Foum’

Speaker

Figurce 10: Schematic of external sound source used for
reciprocit. verification.
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Flgure 113 Magnitude of direct (solid) and recipro-
cal {dashed) measurements of the response from a4 puint
foree to internal noise.

aircralt.

Partivular eare in the design of the horn must be paid 10

the guality of the seal between the horn and the aireraft.

The scal wsed incladed both an aluminum shroud that did

not gquite touch the tructure, and a Rexible cubber howe.

The rabber contacts the steucture, hut does not alter the

dynamies sybstantially due 1o ix high compliance, Even

with a good wal, other elements reecive substantial noise,
due to both leakage from the seal, and radiation from the

sides of the horn. The results of a sean of the nolie v

uearhy clements indicated that the total force applied 10

the struciure aver all other elements is ronghly one thind of

thit applied 1o the devived cloment. Thus, it i likely that
the extranman excitation from the horn s the primary
soutee of discrepancy between the direet and reciprocal

MeasRtemcals

3  Reciproeity Vorification

Several experiments Were perlormed on she Dash ¥ fyse
tage 10 verily that the syatem vheyed reciprocity, and that
the cyvipment asidd provided 1he desheed behavions and
dind wot itaedl alier the transter functions being weannred.
A typial cumparison of the ditect sod teviprocal trans
fer functions wm Eyuation (3) i given in Figuee 11, Thise
data were oblained aag a shaker amd oad coll W foree
the external surface al a single point, and an accelenme
1ot 16 icaanis the suttace motion. The teviprocal teansier
funeiion sses) U dodecabedbiun internal noise wouree §he
PeAE Ercipracity dest serifies Thal he vibeo aconatic sys:
tom b imdeedd tviprocal, and also veribes the operation of
the internal noise wonrce
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Figure 12: FElement reciprocity verification, near lo-
cation.  Direct transfer function (solid) and recipro-
cal (dashed). Hoth magnitude and phase are shown.

Results comparing the transfer function between external
pressure excited by the horn and internal pressure, and
between internal volume velocity generated by the dodec.
ahedron source and the external surface vibration mea.
sured by the capacitance probe are shown in Figure 12,
The magnitude and phase is shown for an interior loca.
tion close to the excitation point. Excellent agrecment
ix obtained. Note that while it is only the magnitnde of
the final prediction p. that is important, the phases of
the vransfer functions that are used 1o make this estimate
are critical in order to cocrectly perform the sum in Equa-
tion (2). Furthermore, the good phase agreement provides
additional verification of the acenracy of reeiprocity.

6 Scan Resulta

" 8.1 Prucedure

‘F'wo dodecabedron noive sourees were located in the fuse.
lage interior; one near the geak of the port propeller pres-
sure fekl, and & second on the warboard side of the air
vialt approximately one propeller diameter alt. Bowb
terior poirts were ab the head height of a seated passen-
gor. The capacitance probe was then used 10 measuee the
seansfor tunction from the imernal valume velocity geners
sted by vach dudecahedron 1o the fuselage volume veiocity
on 480 of the external swan clements,

Only theve elements on which the applied propeller pres.
sute fiokd win within approximaicly 13 dB of the peak
pressuse wore seauned. The propeller pressure information
wied was obtained from the propeller manulaciurer, and
i haned on u free fickl uded evaluated at the surface of
she aircrall fuselage. As a result, the predicied pressures
will be curservative, since the model does not take into ac.
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Figure 13: Propeller pressure field magnitude, dB with
resnect to peak, on port side of aircraft, 1xBPF. The
area under the wing-box shroud is left blank. Elements
shown dotted were not scanned.

count cither the reflected field nor any other installation
effects, This footprint information is shown superimposcd
on a “map” of the scan elements, in Figure 13. The cen-
tre of the distribution is higher on the aircraft on the port
side (where the propeller tips are downsweeping) than on
the starboard side. The peak pressure is also higher on
the port side. The spatial drop off of the pressure from
the peak is far more rapid at higher harmonics, and hence
it is the distribution at the blade passage frequency that
determines which elements need to be scanned.

A lew elements could not he scanned due to surface pro-
trusjons either in that element, or in adjacent elements on
which the scanner feet lie, This problem could be allevi-
ated if the offset was determined and maintained based on
the actual offset of the plate, rather than on the offset of
the feet.

The aircraft cross-section in Figure 2 is drawn to scale; it
in important to note that the radius of curvature of the
aircraft is not coustant. ‘The offset of the scanner had to
be individually adjusted for three yows of clements near
the floor on sither wide, where the radine of curvature is
only 207, ax compared with 83" above this, and 62° below.

6.2 Internal Nolse Predictions

The information collected for cach aeun elvment can be
combined with the propeller pressure field information to
predict the internal nodse at the dodecahedron noise sonree
locatlons. Once the sconned duta are available, any num-
ber of prosaure cases can be considered. The rexy wan
computed for both the Made passage frequency and the
next harmonie for two eugine speeds.

Elementn tor which no data were available due to the wing
shroud were ignored; it is axsuied that there i little trans-
misaion through the extea skin layer, Flements for which
stw data were available due 10 a problem in seanning the
element were recosntructed based on the average over ox-
isting neighbouring clements,

Vor each cane, the internal noise that would have resultend
had the disturbance frequency diffored by u few pereemt
was computed. The seanned data were wied at different
frequencies in addition 10 that desired, however, the of
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Figure 14: Normalized internal noise prediction at loca-
tion 1 (solid) and location 2 (dashed). At 1xBPF (up-
per) ard 2xBPF (lower). The frequency of intorest is
shown by the dotled line.

BPF 2x BPF
near far | near far
lower rpm | 2.1 =49 | &7 -15
higher tpm | 0.0 21 | =23 -3¢

Table 1t Average predicted internal noise levels for differ-
ent engine rpm, at 1 and 2xBPF, and at a near internal
point and a far one, dB(A) with respect to the 1 x BPF
response at the near location for the higher rpm.

fects of the [requency variation on the loading distribution
were not accounted for. The reasons for including addi-
tional scanned data are twofold. First, errors in the data
at a single frequency would produce poor predictions at
that frequency. This is parvicularly importan near 60 Ha,
where electrical noise affects the resnlis. Second, the vari.
ation in interrai noise over nearby frequencies is indicative
of the variation that could be expected hetween aircraft
or between different operating conditions. Modal frequen.
cies are likely to vary by several percent, and therelire, the
variation in the response of a single aircraft over a similar
frequency range is representative of the variation in re-
spouse that may be observed between aircraft, Hence, the
average response over neighbouring frequencies is a better
prediction of the internal noise than the prediction at only
the desired frequency.

Figure 14 xhows the internal noise predicted for the higher
of the two engine rpm canex considered, for a range of fre-
quencies about the blade passage frequency (BPF) and
2 BPF. The magnitude is nonualiaed by the average re-
sponse at the first location. The prediction varies by ax
much as 10 41 from the average values, which are shown
in Table 1. The average levels were computed with a tri-
sugular weighting on the nearhy frequency points, and are
consistent with those measured for these harmonics on ac-
tual atrcraft in flight. The specite entries in this table ase
not ax important as the obierved treads. On average, the
tobse at the near locution was 4.2 dBA higher than that
at the far location. The response at the blade pussage
frequency wax 2.7 dBA higher than that at the next har-
monie. And the respouse at higher engine rpm was on
average 0.9 dBA highor than at the lower spoed,
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Figure 15: Normalized internal noise prediction using
fewer elements. Using all information (solid), only those
clements with .t least 15 dB below the peak pressure
ox . em (dasched), only elements with 10 dB (dash-dot)
and only those with 7.5 dB (dotted). Data is for loca-
tior 1, at 1xBPF (upper) and 2xBPF (lower).

- Predicted Noise {dB)

JB level # elements L 2F 2xBPF
kept BPF  2xBPF [ near far [ near far
All 450 450 0.0 0.0 0.0 0.0
-15 377 306 1.0 0.2 b1 1.9
~-10 292 8¢ 0.7 0.6 1.9 &6
~7.5 202 123 -0.5 1.9 42 69
-5 95 53 -19 18 Tl 57

Table 2: Change in predicted noise using fewer clements.

Of particular interost is the number of elements that must
be scanned to develop an adequate noise prediction, ‘The
effort involved could be greatly reduced if fower elements
wete required. The noise prediction in Figure 14 used all
of the transmission and pressure informatior. available on
the aircraft, for a total of 430 elements. For ane of the pro-
peller pressure cases, Figure 18 shows the same prediction
using only those eloments on which the pressure field was
highest. Curves are shown for the cases in which those
elements that roceived less than 15 dB below the peak
pressure were deopped, less than 10 dB, and less than
7.5 dB. The number of vlements used, and the change
in the average noise predicted for these cases are shown
in Table 2, In genral, the reduction in elements kept to
the 13 dB level does not substantially alter the prediction.
Some degradation. occurs at the 10 dB level, and with a
further reduction in elements, the prediction guality suf-
fers further. ‘Thix table implies that fewer elements than
the total used herein could be wcanned, while still pro-
viding an adequate prediction. Furthermore, even with
the leant number of elementu considered, the trends in the
data are still noticeable, ‘Thus to establish how much re-
duction has been obtained by a particular noise reduction
xcheme, a small number of elements may be adequate.

T Conclusions

Varicus approaches to cabin uoise reduction have been
considered at deHavilland Inc. Al of the approaches have
drawbacks, hownver, & vibro-scovstic approach involviug
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structural actuators holds promise.

A reciprocal technique was used to measure the noise
transmission characteristics of an aircraft fuse'age. This
approach can be used for validating computer medels, or
for evaluating noise reduction methods. The fuselage was

" divided into a number of scan elements, and the transfer

function between interior noise and the response on each
elemient was combined with a specified externa: propeller
pressure field to predict the interior noise at specified lo-
cations. The approach uses a .nonopole noise source in-
side the airc:aft, and a capacitance probe 1o measure the
tuselage surface response. The approach was validated
by comparing the direct transfer function for one clement
with the reciprocal measutement. Excellent agreement be-
tween these measurements was obtained.

The total time taken to perform the scan could be reduced
by reducing the number of elements used. A reasonable
prediction of internal noise is obtained if only those exter-
ral elements on which the propeller pressure field is within
10 dB of the peak are measured. Further improvements
could be made with a lighter scanner to reduce opera-
tor strain, or an automated system {or moving the scan-
ner. A low bandwidth active control of the offset distance
would also reduce the rrquirements on the operator, and
improve accuracy. The data also indicate that the probe
used herein provided uanecessary circumferential resolu-
tion, however, a larger probe would have been unwieldy.
Additional noise sources, or an antomated approach to
moving those used, would be useful in obtaining noise pre-
dictions throughout the cabin,
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1 SUMMARY

A hign-frequency theory ( advanced statistical energy
analysis ( ASEA )) is developed which takes account of
the mechanism of tunnelling and uses a ray theory
approach to track the power flowing around a plate or a
beam network and then uscs statistical energy analysis
( SEA) to take care of any residual power. ASEA
divides the energy of each sub-system into energy that
is freely available for transfer to other sub-systems and
energy that is fixed within the sub-system. The theory
allows for coupling between sub-systems that are
physically separate and can be interpreted as a series of
mathematical models, the first of which is identical to
standard SEA and subsequent higher order models are
convergent on an accurate prediction. Using a structural
assembly of six rods as an example, ASEA is shown to
converge onto the exact results whilst SEA is shown to
overpredict by up to 60 dB.

2 INTRODUCTION

Statistical energy analysis ( SEA ) has been successfully
applied to meny noisc and vibration problems. In
particular SEA has become very useful as a framework
for interpreting a vibro-acoustic data base. SEA often
leads to a better understanding of the problem and SEA
can point the way to practical solutions. However when
uscd us a purcly predictive theory, without the recourse
1o measured data, SEA has not been universally
successful. Nevertheless in some cases it has been very
successful, for example when used lo model the
interaction between the nolse in a room and its vibrating
walls, but when applied to complex structural assemblics
SEA predictions have often exhibited errors, These
crrors have been thought due to the fact that plates and
beams are usually strongly coupled and one of the
msumptions within standard SEA theory (see. for
example Lyon') is that all couplings are weak,
However, Keane and Price’ conclude that this
assumption should be replaced by the neccssity thal no
individual mode within a given sub-system should
dominate the overall response of that sub-system, and
this requirement can be mot either by assuming weak
coupling or by assuming the prescnce of many
interacting modes. Furthermore, if SEA theory is
developed using the wave approach rather than the
modal approach this weak coupling assumprion does not
appear 10 be required ( see, for example Heron® ).

In this paper we postulate that the errors that sometimes
occur when predictive SEA is applied to complex
structural assemblies are mainly due to an as yet
un-modelled power transport mechanism. This
‘tunnelling’ mechanism conceptually occurs when direct
coupling exists between two SEA sub-systems that are
physically separated from each other by other SEA
sub-systems. This mechanism of indirect coupling must
noi be confuscd with the power transport mechanism by
which plate in-plane motion can couple physically
separate bending motions; this latter phenomenon is fully
modelled by existing SEA theory provided the in-plane
sub-systems are included in the model.

A very simple form of tunnelling is associated with the
non-resonant acoustic transmission through a plate and
is already included in existing SEA theory ( sce, for
example, Price & Crocker!; Leppington et al').
However this special case is mainly a function of the
change in thc dimension between the plate and the
adjacent rooms and is not the concern of this paper.

Standard predictive SEA assumes zero coupling between
the end plates of, for example, an in-plane assembly of
three in-line plates. In this paper we develop a theory
that allows for all sub-systems to be coupled to each
other, Unlike for the simpler case of non-resonant
acoustic transmission through a plate. we would
intuitively expoct this new theory to produce coupling
loss factors that are not only & function of the power
transmission coefficients across the various intervening
line junctions, but arc also dependent on the geometry
and damping of the intervening plates.

In the following sections this thoory is developed both
for beam and plate networks and for want of a better
name we will subsequent refer Lo this theory as advanced
SEA or simply ASEA . Fundamentally it uses a ray
theory approach to track the power flowing around the
network and thon uses standard SEA to take care of any
residual power,

3 FREE AND FIXED ENERGY

Now all deterministic thoories ( modal, analytic, FEM,
cic. ) use field variables such as displacoment and
pressure and they must therefore include phusc in the
model, and the very essence of a high frequency model
is the simplification associated with ignoring these phase

Presented at @ Symposium on ‘Impact of Acoustic Loads vi Aircraft Structures' held in Lillehammer, Norway, Muy 1994,
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effecis. It is not just the need for computational
efficiency which drives us to this assumption but as
Hodges & Woodhouse® point out as we move to higher
frequencies any deterministic approach becomes
increasingly sensitive to the details of the physical
structure urider investigation, to such an cxtent that the
results will be influenced by the deviations from the
ideal design which inevitably occur in construction and
such deviations are unknown. Thus all such deterministic
approiches are rejected in this paper without further
consideration; power accounting and the use of the
sub-system energies as the field variables are the
mainstays of SEA, and ASEA will be developed using
the same philosophy.

The tunnelling phenomenon that we are attempting to
model is associated with the transport of power, from
sub-system 1 to sub-system 3 via an intervening
sub-system 2 without at the same time inducing any
increase in the ‘frcc energy’ of the intervening
sub-system, and we must now consider what we mean
by frec energy.

With free energy we mean that part of the tolal
sub-system energy that is available for transport to other
sub-systems. In standard SEA all sub-system energy is
free encrgy. Conversely the fixed energy of a sub-sysicm
is that part of the total sub-system energy that is not
available for transport to other sub-systems. This
postulate that the total energy of a SEA sub-system can
be partitioned into a free and a fixed part is fundamental
to ASEA theory.

Returning to the three n-line plate assembly example,
we can now consider the following power flow
mechanism. Free power associated with the free energy
of sub-system 1 strikes the line junction between plate 1
and plate 2, this causcs some power (o transmit into
plato 2 and es this power transports across plate 2 it will
decrease in magnitude due 10 the damping mechanisms
of plate 2. It is this loss of power that is self evidently
not available for further transport dutics and must be
accounted for by a fixed energy field within plate 2.
Finally some part of this transported power will strike
the linc junction between plates 2 and 3 where it will
cause power injection into platc 3, and at this level of
complexity such power will fecd into the free energy
ficld of plate 3.

4 SEA BASICS

Firstly we will find that it is helpful to rewrite the
standard SEA matrix equation in u more convenient form
for yubsequent exiension to ASEA such that

Ac = P-Me m

where e is a column vector of SEA modal energies, P is
a column vector of input powers, M is a diagonal matrix
of modal overlap factors, and A is a matrix of coupling
loss factors. That is

M, = onn, @

where o is the frequency, »; is the modal density of
sub-system i and v, is the energy loss factor for
sub-system i; furthermore for a three sub-system mocdel
A is given by

M 2N, My “nNy
Wl -~an, AN, NN, -y, &

ANy ANy BNy, AN,
where 1; is the usual SEA coupling loss factor.

Of course the more usual SEA matrix equation can be
recovered by combining the A and the M matrices in (1).
The reason for the above formulation will become
apparent as we develop ASEA theory, but for now it is
worth noting that cach of the three terms in (1) now
have a clear physical meaning; ihe left hand side term
incorporates all the power transport and coupling effects
and the two right hand side terms model all the power
sources and all the power sinks respectively.

Furthermore, if all the equations in (1) arc addcd
together we have, by power balance, that the sum of all
the right hand! side terms is zero, and this is true for all
possiblc P and thus for all possible e. Hence each
individual column of A must always sum to zero, which
is of course a trivial deduction from SEA. Indeed,
assuming SEA reciprocity, A is a symmetric matrix and
thus cach individual row of A must also sum to zero.
However, it is important to note that this row sum rule
i & consequence of power balance and SEA reciprocity
whereas the column sum rule is solely a consequence of
the much more fundamental requirement of power
balance.

8§ ASEA BASICS

In developing ASEA theory we will, as described above,
split the total energy ficld within cach sub-system into
two parts, a frec encrgy fleld with @ modal encrgy of e,
and & fixed onergy fleld with an ‘equivalent' modal
encrgy of d. The term ‘modal energy’ is used because of
Its historic link with classical SEA theory, however tho
reader might find it easier to think of the modal energy
& a measure of the enorgy density of a sub-system with
which It is closcly rolated for sub-systems made up of
simple beams, plates or rooms.
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Using the column vectors e and 4 as the field variables,
ASEA can be encapsulated by the following two matrix

equations
Ae = P - Me
free power  free power  free power
io free input st ¥
power
transfer
Be - Q - Md
free power  fixed power  fixed power
to fixed input lost
power
transfer

and in order to better understand these equations we
have attached a physical description to cach of the terms,
The above equations form the basis for ASEA theory
and this paper is mainly concerned with the caiculation
procedure for the A and the B matrices.

It may be thought that the somewhat arbitrary use of M
in the second equation involves an assumption but this
is not so since we have yet to specify the precise
defini*on of B and Q. and the requirement to conform
with equation (5) creates those definitions.

Once A, 8, P and Q are known the responses can be
calculated from ¢ + d, using exactly the same procedures
that we currently use when calculating SEA responses
from e. [t should be noted that the A matrix of ASEA
theory is not the same as the A matrix of siandard SEA

theory.
From cquations (4) and (5), ¢ + d is given by

eed « M {QR) ©)
where
R = (M-B)M+A)'P M
Now for the classical excitation of ‘rain on the roof* @
is zero, and with this simplification cquation (6) can be
rowrilten as
(M +A) M -B)"' Mle +d) = P ®

and this equation can be comsidered to be the
‘equivalent’ standard SEA matrix equation such that if
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Ae =P ®
then |
A, = Mea)M-B)'M 10 ‘
and
€. ™ e+d (11)

Finally by applying the same power balancing argument
of Section 4 we can easily deduce the important property
that cach individual column of A + B must always sum
10 zero.

6 ASEA AND BEAM NETWORKS

In a beam network each beam will consists of four
sub-systems associated with its two bending wavetypes,
its compressional wavetype and its torsional wavetype.
In this Section, for clarity of presentation, we will only
consider a network of rods with each rod having only
one wavetype. Provided we allow for this one wavetype
to be conceptually of any type, for cxample by not
assuming that the group velocity is equal to the phase
velocity, then the extension to a beam network is
straightforward.

Consider now the free energy field of rod j, represented
by its modal energy e;. Then the total free encrgy of this
rod, E, is given by

E; = ng, (12)
and the energy density of this frec encrgy is E, divided
by L, where L, is the length of rod j. Now by assuming
thut this energy field is made up of equal amounts of
incoherent power, P, flowing both from left 1o right end
from right to left along the rod ( equivalent to the
random incidence assumption in two- ond three-
dimensional sub-systems ) we have

e (13

"'u

Ry R

where ¢, is the group velacity of rod .

Furthermore since for all one dimensional sub-sysiems
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n=_" (14

we can combine equation (12) and equation (13) to
obtain the standard SEA result that

p=5 (15)

Thus for unit modal energy the power available at each
end of rod j, P, say, for potential transportation to the
other rods, is simply 1/2x.

We can now proceed with the calculation of the
elements of the matrices A and B. Initially all these are
set to zero and the calculation is based on using the
elements of these matrices as accumulators. We start by
taking a particular end of a particular rod and ultimately
repcat the calculation for both ends of every rod,

The power available per unit modal energy P, at this
particular end of rod j will conceptually be all
transferred from rod j, and thus P,; must now be added
to element (j, j ) of matrix A; add rather than subtract
because the transter terms have been conventionally
placed on the left hand side of equation (4) and equation

o).

Now we take this available power, P, say, and multiply
it by the sappropriate transmission or reflection
coefTicient. This is then the power at the connected end
of a particular receiving rod, rod  say, and this power is
now ready for transportation across this rod; rod ¢ can be
the same rod as rod j to take care of the reflected wave
and indeed the following calculations must be performed
for all rods connected to the chosen end of rod j
including rod j itself. This start power, P, say, is
thusgiven by

P, v, P, (16)
where 1, is the power transmission coefficient for power
flowing from rod f to rod /.

It is waorth keeping in mind et this point the standard
SEA theory which would proceed in the following
mannce

“
wnn, =P =tp - 78; a”n

and thus
Returning to ASEA theory, power will flow across rod
{ and will decay as it docs 50 with the exponential factor

g = u 18
'1,; m ( )

exp[_ ® :l,-L,-] -exp(-aM)y (9

8

where M; is the modal overlap factor of rod i. Thus

P, = exp(-aM)P,, (20)

where P, is the power striking the far end of rod i. The
power lost during this crossing, P, say, is given by

P, =P,-P, @1

This lost power must now be subtracted from element
(i, J) of matrix B; matrix B rather than matrix A since
this power is self evidently unavailable for further
transport duties. On the other hand P, is available for
further transport duties, and indeed we can continue the
calculation from equation (16) using P,, rather than P,
Of course within this cycle of the calculation we can
only modify column j of either matrix A or matrix B
since all of the initial available power comes from rod j.
This whole process can be stopped at any stage and
having stopped any remaining power, P, say, must then
be subtracted from element (i, j) of matrix A, This
latter step is essential to maintain power balance and
conceptually uses a standard SEA approach to sweep up
and account for the residual power P,; it also ensures
that all the columns of A + B sum to zero &s required by
power balunce.

7 ASEA AND PLATE NETWORKS

‘The above theory can be cxtended to plate networks
although its actual implementation could well turn out to
be computationally expensive, as compared to standard
SEA . However, ASEA piate theory will hopefully
guarantee an accurate prediction and the fact that it may
not become a practical tool because of the computational
load should not deter us from its development. lts use as
a tool for the validation of more approximate iheories is
very important since cumently no accurate high
frequency theory exista for general structural assemblics.

Whereas with rods we calculated the A and the B
matrices by starting with 8 pacticular end of a particular
rod and with beams we would start with a particular end
of a particular beam and with a particular wavetype,
with plates we muat start with a particular edge of a
pacticular plate and not only with a perticular wavetype
but also with & particular incidence angle at the chosen
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edge. In standard SEA the eventual integral over all
angles of incidence is carried out implicilly within the
mode! such that the formula for an SEA plate to plate
coupling loss factor is a function of the random
incidence transmission coefficient as given below in
equation (27) . In ASEA we can only perform the
integral over all possible angles of incidence, 180
degrees, at the end of the A and B calculation; although
by converting this integral into a suitably weighted sum
we can easily incorporate it into the calculation
procedure. Unfortunately line junction transmission
coefTicients tend to vary a lot with angle of incidence
due mainly to the complex interaction effects of the
various wavetypes and it is often necessary to perform
these calculations over many angles of incidence:
typically at every integer degree.

For a random diffuse energy ficld in sub-system j of a
plate the intensity, /, say, is given by

1= 5k @)
! 4n

where k; and ¢; are the wavenumber and modal encrgy
respectively of the wavetype associated with sub-system
J- The power per unit modal energy striking an edge of
length L at a grazing angle of incidence ¢, is thus

p » Lhsin) @)
o) )

and as before this must now be added to element (. j )
of matrix A.

We set

P, =1, (0)P, (24

however v, is now a function of ¢; and the transmitted
wave angle has to be calculated using trace wavenumber
matching such that

k,cos(e) = k,cos(e) 25

Again & this point it is worth keeping in mind the
standard SEA theory which for plates proceeds s
follows

wnn, * a"f: P, ¢, (26)

and thus
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where the random incidence transmission coefficient
given by

t, = f:n T, (¢)sin(¢,)d¢, @)

Returning to ASEA theory, geometric calculations must
now be made in order to track the wave as it is
transported across sub-system i, This can result in more
than one edge of the plate supporting sub-system i being
illuminated and furthermore an illuminated edge need
not be illuminated along its entire length; both of these
effects must be calculated.

The damping factor, equivalent to the factor ™ of
equation (19), is also more complicated here. Different
parts of the wave will iravel different distances, however
for polygon shaped plates a damping factor averaged
over all possible path lengths between two edges can be
used and this is given by

e-b:_e-an - (29)
ax -bx b
where
L on 2t M, 30)
A vk s 5 (

o i

and where a and b are the maximum and minimum path
lengths.

Finally

P,

¢

- DP, 3n

p,=P,-P, G2

and P, is sublracted from element ( /. j ) of matrix B as
before.

8 COMPARISON WITH ANALYTICAL
RESULTS

ASEA produces a different result dependent on the
number of tranafers of power across a sub-sysiem that
we are modelling. This number which is also one less

g
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than the number of junctions crossed we will call the
ASEA level number, and with a level number of zero
ASEA always produces results identical to standard SEA
since both B and d are then zero. Advanced SEA can
thus be thought of as a serics of approximations,

ASEA (= SEA), ASEA, ... 33)

with the expectation that this series converges on the
required resuit.

It is important to understand why we have this clear
expectation that if the series (33) converges at all it must
converge onto the ‘cotrect’ result; correct in the sense of
giving the best high frequency result possible.

Consider the calculation procedure for ASEA with a
very large level number; the level number chosen to be
so large as to cause the A matrix to be effectively zero.
Then the ASEA calculation procedure is nothing more
than ray tracing with all phase related effects ignored, or
in other words simple power flow analysis. But unless
we wish to encroach on the low frequency deterministic
domain, any high frequency theory must at least make
the ascumption, explicitly or implicitly, that all phase
effects be ignored. Now with this assumption, and this
assumption alone, we can deduce ASEA for an infinite
level number. ( Self evidently this would also be true for
a simple power flow analysis, the subtle difference is
that ASEA hopefully converges much faster due to the
different treatment of the ‘remainder’ terms, which are
ignored in a simple power flow analysis but are injected
into a SEA procedure whoso results are added to the
truncated power flow analysis during an ASEA
calculation. ) Thus we fully expect that, if ASEA
converges at all, and il an accurate high frequency
theory exists at all. ASEA will converge onto the best
theoretical result possible.

To show this convergence for a porticular cese wo have
chosen a very simple assembly consisting of six different
rods all in a line. In principle an assembly of plates
could equally well have been chosen, however exact
results are extremely difficult 1o compute for plate
asscmblies at high frequencies and thus we have chosen
an sasembly of rods. The inline configuration hes becn
deliberately chosen to highlight the errors in a simple
SEA calculation and the subscquent correction of these
errots by ASEA. The inability of SEA to predict such 2
conirived configuration is understandable and docs not
detract from the usefulness of SEA when applied to
move restiatic structures, but it should be considered as
a warning that the accuracy of SEA is structure
dependont.

The onupling between the rods s such that concepiually
the whole structure could be made from a single pleco of

material with the far ends of the chain left unsupported
or free. The rod material is such that its longitudinal
phase, or group, velocity is 5000 m s™. The six rods are
of lengths 23, 28, 25, 24, 29 and 21 m and their
cross-sectional areas are such that their mass per unit
lengths are 1, 10,3, 7, 8 and 2 kg m™ respectively.
An energy damping value of 2% was chosen for the
SEA modelling, and viscous damping with an equivalent
critical damping ratio of 0.01 chosen for the exact
model. The structure was always driven with a uxit force
on the first rod.

The exact results were calculated by Keane™ and form
a full deterministic analysis for point excitation, they are
based on calculating the power flow across the assumed
point connections between the rods for a given unit point
force excitation on the drive rod. These response data
were then numerically averaged over all excitation
positions on the drive rod, rod 1, and over all
frequencies within the chosen frequency bundwidth of
50 Ha.

Figures 1, 2, 3 and 4 show the results for the averaged
response on the four rods furthest from the drive rod; the
results for rods 1 and 2 are not shown because SEA ard
all levels of ASEA lie very close to the exact results for
these rods. All the displayed responses have been
normalised to unit mean square response velocity at the
drive point on rod 1.

As can be seen SEA, or equivalently ASEA,, is not an
adcquate model at the higher frequencies; at 10 kHz
SEA over predicts the response of Rod 6 by over 60 dB.
On the other hand, as cxpected, ASEA always predicis
accurately provided we are willing to calculate to a high
enough level number. For a chain of rods driven at one
end the rule of convergence appears to be that the ASEA
level number should be at least the rod number minus
two. This is not 80 surprising a result since such a level
number ensures a direct coupling exist in the ASEA
model between the drive rod and the response rod. The
convergence of ASEA is no: necossarily monotonic with
level number a8 can be scen in Figure 4 where ASEA,
gives a slightly better result than ASEA,

9 CONCLUSIONS

A high frequency theory ( ASEA ) has been preseniod
which (akes account of the mechanism of tunnelling.
This mechanism which roquires the introduction of
coupling between SEA sub-sysiems that are physically
separaie is modelled by croating a new set of besic
ASEA cquations and dividing the energy of a sub-sysiem
into cnergy that is frecly available for transfer 10 other
subaysiems and cnergy that is fixed within the

sub-sysiem.
These equations are presenicd and an silempt has been

VU
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made to give their component parts physical meaning.
The calculation procedure is presented for modelling
either a general beam network or a general plate
network. ASEA is interpreted as a series of mathematical
models, the first of which is identical to standard SEA

and subsequent higher order models are convergent on
the desired result.

Using a structural assembly of six rods as an example,
ASEA is shown to converge onto the exact results whilst
SEA is shown to overpredict by up to 60 dB.
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1. SUMMARY

In order 10 investigate the contribution of individual
sources and source transmission paths, a method
reforred 10 as “Transfer Path  Analysis™ has been
developed. ts formulation to address structure-home
noise problems is outlined in detail and illustraled with
an example from the car industry. Current research in
this context is hriefly reviewed. including the case of
reciprecity techniques and the air-home noise problem,

2. PREFACE

The oplimisatvon  with respect o inlorewr nose s
currenlly a topic of great concern for the antomative
industry. An essenlial clement i this process i 1o
oblain o correct undertanding of ke vasus  Roise
sources which are present, and of the wayx i which
these sources are propogaid o the cnikal secove
locations,

Whercas the physwal nature of the imponat poise
goncrating souwrces ade o generl sellknown  and
inherent 1 the vehicke uperation (Power tain nole and
vihration of wheclroad udcraction in cars. propelicr o
fon nosse. tuchulent kayer usse b alcralt, o). the
voerect quantification of these e sdrengths, and W
uatalication of the partsal comtrshution of cach of these
warces 6 the overall e kevel are i general
avatkable,

To addroas this problem. 2 mctiesdology, refored W o
Teansdcr Path Aralyns, ks doon developed  and
investigated, which aims proviscly at Whe cxdablishoscnt
of buth types of data: ndividual source devngthe and 3
partial msse conttibutun analyss 112 So G, the
mothod has hoon applacd primanty W i 2alyws of
structofe-haomme moise probicms, whore vileating waree
subMructires are comccicd & the o vilwo-acousy
ayem by mcans of mounts. Ean of the awuns
(xiwally cah duccton 2t cach mownt logatam) ihon
defies 2 tramvmicion path. Typical cramples are
cagine vibralom tansferrod iMuagh cagsne o fos .t
tram owounts. and <ar mad  vibeationy  ianeiicd
thivugh saperaion mownts. A whemaln foprescatalon
of the stnecturc-bome waid pathe of cngne. whoek,

steering system and exhaust of a passenger car is shown
in figure |,

Hereto. in-operation (on the road, in thght) measured
vibration and pressure response data are combined with
Iiboratory  measurements  of - frequency  response
functions. From these data, the operational forces at
cach of the mounts are estimated and the partial
pressure  (of  vibmation),  caused by cach of e
iransmission  paths s caleulated as o function of
trequency. The complexity of this analysis s to a large
extent dominated by the dinension of the vibro-acoustic
operational response. The actual provedures, both for
the single source and the multivanate noise problem,
¢ discussed in muore detail i the sections helow,

The rosulis obtamed by swh a2 tamsmission  path
analysis are Wypically wed in gouhlexhonting  ano
projatype refinement, o sdentify cotical mounts and
doeninant sources and 1o nvestigate the muence of the
vilroawousdic sydem chagactensins on the perceived
e (2.4

Cumrent rewcarch fovuas oi valdating the accuracy of
thax appwciach (oo the aluton of indusinal problems,
and on cxicmbmg it 1o vther problem arcas

One of the mont inpaetant xvurxy choments 1x i
cortect Wontificatuwt of the operating foroes iy the
mobnts, which roguites  cntical  atri votion
peocedures (4.8, 14)

The catenonns iclude e o of regecaly Kchnkgees
W omcasre Ihe vlbveaouds FRFy [B78L iw
caantificalonn of 2x-hoeme warce contnbulions {91, the
Uurfer of dracturc-home ud thevagh conaccied
whstracturcs (12, 111 and the physcal smcrpwctation of
the tranamission path phemwneng {10, §1]

Alw, the applicatuliy of ihe mothodokeygy 0 dorive the
optemal configuralion of 2t atve Boee contiol ywae
wung vibrabon reduitun A the mounst hxations » 2
wpec of rewcarch {31

Provenic ! of @ Svngusioom o “fgpan t of Acvmstie Londt cm Asex gt Svsires’ brdd s Lillriosmnere, Nowwr, My 190
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4.2

3. SINGLE SOURCE TRANSMISSION PATH
ANALYSIS

When  considering  arpath  different  possible

transmission paths over which energy coming from a
single reference source, can be transmitted into the car
body. the total operational pressure p at a given target
location in the cavity can be written us a summed
contribution of the "partial” pressures p;. related to
cach given transmission path i . The determination of
these partial pressures is based upon the combination of
an cstimate of the operational force f; in the given
transmission path, together with the mechanic-
acoustical transfer function between the target pressure
response and a force applied at the body side of the
considered transmission path y (A
L}

nrpath ( 1 )
p=X p
i=1
or
nrpath (

r=Z 1 (%)

In practice, the noise transfer functions are measured
after disassembling the source from the car body,

(2)

It is difficult to obtain direct measurements of the
operating forces. The complex  dynamic  stiffness
technique is  one  methodology  t0 obtain  these
operational forces, They are caleulated based upon the
following relation:

f‘ = K("b.n.ly,‘ - “’.il)ln""l') 3

with & the measured complex dynumic stiffness of the
mounting elements (obtained in X directions) as a

function of freguency, (‘t,',‘,,‘, - r_“,,,‘,_,) the relative

operational  displacement  over  the  mount.  This
methodology is quite straightforward but does reguire
the (tedious) characterisation of the mounting clements
in special est set-ups.

An aliernative technigue is based upon the measurement
of the impedance matrix, containing FRFs hetween
accelerations measurcd at the hody side of all paths und
forces, applicd at all paths, By inverting this matrix, and
mubtiplying it with the vector of the corespomding hody
side  operational  weeelerations,  estimates of (e
aperational forees are ohtivined.

ST 4
5 " @
f FF X
S R i L
F, ;

It is sufficient to take into account a number of
responses cqual to the number of forces that has to be
estimated (n=m), but by taking into account more

respemses  (m>n). the set of equations is over-

determined, and better furce estimates will be obtained
in a lcast squares scnse. The inversion is based upon
singular value decomposition algorithms, which allow
to artificially increase the conditioning of the inversion
(5]

4. MULTIPLE REFERENCE TRANSMISSION
PATH ANALYSIS

For a multi-source problem as for instance o roau .joise
problem, the previous approach is not valid. Therefore
the transmission path analysis is preceded by a principal
component decomposition in whick the multi-reference
problem is split up into scveral orthogonal single
reference problems. Each or these individual problems
are then tackled with the previous single reference
approach.  The  total  contribution  of a  single
transmission path to the overall noise level s then
calculated as the RMS summation of ewh of the
individual principal component contributions (2).

Practically spoken, during the road tests, a set of
relerence accelerometers is chosen that serve as phase
references for all other measurement locations. Cross-
powers  are  calculted  hetween  all measured
accelerations and thix reference set of aveelerometers,
The reference signals are in general partially comrelated
1o each other, and by a pancipal  component
decompasition of this reference set, an uncorrelated
onhogonal reference vector set 1s obtaned. 10 which all
other responses at the “slave” measurement locations are
related, represented by o set of single reference crosy.
powers. Let 1, denute the reference signals and 2 the

other measurement lovations, then:
[s.] = wis. e ®
[Se] = [S.)10] *)

[5.,] being the reference autopower matna, [S,.,.} the
tdingonal)  aulopower matnx of  the  pncipal
components, and[S, ] and [8, ] the croms-power

matrices with references, of  principal  companents,
respectively. This is schematcally shown in figure 2.




A clear phase relationship exists between all response
locations and each principal component. These single
reference cross-powers can be weighted with the
autopower of the principal component, resulting in so
called "virtual” spectra. With these spectra. specified at
all response locations of interest, a single reference
transmission path analysis can be carried out for each
principal component. Combining all the results in an
RMS way results in an estimate of the overall pressure,

Let narpca be the number of significant principal
components, then for each principal component j . onc
can write:

whereas for cach transmission path 1 :

= i(% ): 7

=i

This is indicated in figure 3. Assessing the influence of
onc transmission path, an RMS summation must he
carried out for the partial pressure results in one
wransmission path, over all principal components,

§. USE OF MECHANICAL-ACOUSTIC
RECIPROCITY

It can be nteresting to use an altermative approach for
the  measurements  of  mechanical-acoustic  transfer
functions: reciprocal measuremenis,

The response of structures and sound ficlds can be
reciprocal. This hasically means that the xame relitions
between input and output guantities are measured when
the excitation energy I8 brought imo the syxtem at the
output side. In literature,  several applications of
reciprocal - measurements on a wude  range  of
construclions, from production machinery 1o aircefl,
have heen repored [L7) For mechanical-acoustic
teansfer function measurements on civ hadics, ik
cabing, ¢1¢., the following relation ix ywed:

P 2y o
M % ——
/, l Vo ! ' P

@, bang the volune whady 2 mcrophone kocalon

i {""/,)m! * the reviproval guaningy.

The sydom s excited by an aowtiv source 1 the cabin
and e responses are measured as acceleralions a the
mountingx. The practical advantage of this apprxch
that e acckommetens at the mountings for the
operawinal measurements can again e usd for the
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transfer function measurements. Another advantage is
that a large number of transfer functions can be
measured simuitancously to scveral mountirgs in all
directions.

A basic requircment for reciprocity is linearity. The
sound field in the cavity is usually found to be lincar in
the range of sound pressures during operation and
transfer function measurcments. Yet, the lincarity of the
structurc (cabin, body or chassis) is less evident, and
non-lincar stiffness effects and friction damping can
cause deviations.

This can be critical since lincarisation around normal
working conditions will not take place. The velocity
amplitudes in the cavity and in the structure will differ
cven more from normal operation during reciprocal FRF
measurement  than  during  the  classical  direct
measurement.

Fortunately it s found in mcasurements that the
lincarity of dircct and reciprocal FRF measurement is
aceeptable in general. Figure 4 shows typical direct FRF
measurements on a car body/Cavity system over a 30 dB
cxcitation range. The deviation of the peak values
remains less than 3 dB hetween 30 and S00 He. For the
measurements performed  with acoustical (reciprocal)
excitation, the lineanity s even hetter, as can be seen in
figure S. Further investigation has confirmed that the
linearity deviations are mainly of a stryctural natuee,

The next impostant requirement concems the conditions
given in cquation (%), In o direct measurement, the
volume velocity ot the receiving microphones should
approximate scro, This condition is easily met by all
mudern condenser microphones, The second condition
thaat the force at the mountings should approximate zero
s oqually  necessary  for reciprocnl  and  dieect
measurements.  This  conditien fax - more  serious
conseguences. It means that the mountings should he
de-coupled during the meaxurements, and, a8 o resull, a
cumbersome dismounting of the drive-line and wheel
SUMIISIONS 1% RCCESSITY.

In prachice, it is m sonw vases pussible to measore with
attached mountings. The mountings must then he
reltively compliant, fike rubber bushing and claxtic
coupbngs. Il the muunting  remaing coupled. the
follawing condition should be met:

. ow ()
A

A typival example of 2 companson heiwoen direct and
reuipeval measurements in a car s given an Ggure 6, It
shows agreements beiter than 3 dB heiween 40 and 400
He. The differences helow 8O Hz soem 0 be related
the himited hincardy. The agrecment hocomes  hetier
when the direct measutement ol very Jow force is used.
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The differ. nces at higher frequencies are more related to
the accuracy of direct force measurements,

6. AIR-BORNE SOURCE QUANTIFICATION

When considering the relevance of the procedure
discussed above to study structure-borme  noisc
transmission paths, it is currently being investigated
how the method can be applicd or adapted to quantify
acoustic sources and air-borne transmission paths.

The required data are now the acoustic source strengths,
chara terised by their volume velocitics, in normal
operation, and the acoustic frequency response functions
relating local volume velocities at the source location to
the sound pressures at the target receiving microphones.

Arpath nrpatk (10
P 3
P l Ql ‘

ezl 1=l

r=

In principle, the latter FRF Jata can be obtained by
replicing the sources with loudspeakers, However, in
many cases, such as the one where the acoustic source is
spatially distributed, and due to a complex radiation
surface (e.8. an engine block or exhaust. or a tyre), this
is impractical to do.

A far more versatile and  practical  method  of
measurement is again based on the application of
reciprocity, Hereto, a sound source is placed at the
targeted receiver location (€., the position of the head
of a passenger in the vehicle, or an exterior microphone
used to guantify the radiated noise), and sound pressures
can he measured in a fine grid around the radiating
suefaces (tyres, engines, exhaust, ..).

As fur as the source sirengths are considered, il s
wsually virtually impossible to measure them directly in
nperation, and current investigiations (9] are performed
on how local pressures measured near the sourves can he
uxed in combination with reciprocal FRF measurements.
The re-combination of xource strengths and FRFY into
partal pressure responses cin then he Jone in o
vectunal way ot kower frequencies or power-only (third
octave for example) way at higher fregquencies. A
shematic overview  of  the  measurement of  the
trunsmission path FRFx fir a track engine towards an
exterior 1ISO micronhome is given in ligure 7.

The corresponding denvition of soarce sieengihs fnun
e hiehd  acoustic ressure measorements  and
reciprocil FRES a8 oven in hgure X Results mvasund
on engine movk-ups are disussed in 9],

7. IMPEDANCE MODELLING

The methods discassed showve all Rave m common that
the  actual  vibr-acoustic system umder  stady i
characieried by FRES. 1o the higher frogquency ranges
where the acogstic phenomena are of relevamce, thi ix

most probably the only way to proceed, at least for the
structural behaviour, for high modal density in this
frequency range renders the identification of a valid
experimental modal analysis model nearly impossible.

Nevertheless,  the  explanation  why a  certain
transmission path is important in a specific frequency
region would in principle require the correlation of the
operational data with a modal system model. To
overcome this problem, alternative methods, directly
based on the decomposition of FRF mcasurements in
their principal components (“principal field shapes™)
have becn investigated and proven to yield uscful resulls
in practical cases [10.11].

The same issuc of not having a valid modal model in the
frequency range of interest also arises when design
modifications arc to be cvaluated to reduce the
contribution of a specific  transmission  path by
mudifying the vibro-acoustic transfer characteristics.

To overcome this problem, design optimisation methods
for structural modification and substructure coupling are
investigated, which make use of FRF data only [12,13],

This is essential when e.g. the transmission of vibrations
between  stiffly  connected  substructures is to bhe
evaluated. An example of such an application in the
arca of space microgravity experiment sct-ups is shown
in figure 9.

8. CASESTUDY

8.1 Test Case

The structural transmission of road vibrations 10 noise
inside o car have been investigated in the context of the
development of an active road noise control system by
vibralion control at the suspension car besdy connections
18] Several methods o determine the operational lorces
were investigated,

8.2 Roud Measurements

Stationary  condition road st included body  and
suspension  side  accekeration  measurements at all
considered transmission paths, wogether with pressure
measurements at 4 locations in the cavity. Additional
wcceleration measuremenix were performed on the car
hody. In tekal 30 srnsmission pahs are considercd from
the suspension into the car bady 10 connection puints
trewr anle, rear shock ahsorber. 2 fromt suspension
comnection kocations, front sk absorber), this in 3
directions. Six referemce acekeration postions wene
choxen hased upon multipke coherence analysis. Cross.
power averaging  with  respect 0 these  reference
aceelerations was done, haxed upon some W0 averages.

The st of 6 reference acockerumetens i decompuosed
i its 6 pancipal or othogonal components, and the

—
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measurements  at  all measurement  locations  are
decomposed in this orthogonal base. This cross-power
matrix decomposition then results into 6 sets of single
refercnce ("virtual") cross-powers, which are scaled with
the corresponding principal component autopower.
These arc the virtual spectra, which can be used as
simple single reference (complex) spectra ia all
measurement locations. Figure 10 shows the swnmed
virtual spectra over all measurement points for each of
the principal components. This indicates that about 4
independent phenomena are important in this road noisc
analysis. For further calculations all 6 principal
components are taken into account.

8.3 In-Laboratory Measurements

After disassembling the suspension from the car body,
the acoustical frequency response functions at the 4
driver and passenger ¢ar locations are mcasured. by
using hammer impact excitation at all  possible
transmission paths. At the same time. the impedance
matrix is measured, where acceleration measurements
are performed at all transmission paths, and at some 30
additional body side measurcment tocations. This results
in an  extensive database  of about 2000 FRFs,
representing a fully measured matrix,

The mouniing clements being disassembled from the
suspension and the car body, have been tested in g
scparate measurement set-up. The complex dynamic
stilfoess of all mounts was determined in 3 directions,
this based upon sinusoidal excitation with the necessary
static preload.

8.4 Operational Force Estimutes

In order 1o determine the operational  forees,  the
complex dynamic stiffness methodology is used and
compared 1o the impedance matrix inversion approach,
In the complex dynamic stiffness methodology, for cach
mount and cach direction the dynamic mount stiffness is
(complex) multiplied with the differentiol virtual spectra
over thal panticular mount, and this i : repeated for cach
of the & principal components, RMS summation of the
obtained Torces over all principal components yiclds un
estimaute of the toal operating force in that particular
mount Jocation, which gives an indication for actualor
requirements, Figure 11 gives for instance for the reae
mount the complex dynumic siffness together with an
extimate of the operating foree spectrum uauire oot of
power spectrl density ),

With the impedance matiin mversion appeoach, an
over-delermination  siraiegy 8 used. The  matrn
measured ix of dimension &894 M forces are o ke
estimated, and 69 response kxations are consdered. For
cach of the 6 principal  components,  uperational
acvekerution virtsal spectra ot the shove mentioned 69
by side measurement kocitions are available. Thix

e g e —-
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represents an over-determined set of equations that is
solved by a pscudo inversion algorithm based upon
singular value decomposition. Figure 12 shows the
condition number of the 69x30 FRF matrix as a function
of frequency. This reveals that in this particular case the
condition does not pose any problem for the inversion.
this in contrast with other applications published
elsewhere (4]. In this case, the measurcments are
characterised by high damping and high modal
coupling, and do not sccm to pose any problems in
terms of conditioning. In order to assess the importance
of the over-determination in the sct of equations, also a
30x30 inversion is carricd out, with only responses
taken into account at all locations where the forces are
1o be estimated.

Figure 13 shows a comparison of the three strategics for
the first principal component for one particular mount
location in the front suspension, This particular mount
is very stiff compared to other mounts in the front
suspension. Clearly the 69x30 inversion gives similar
amplitude results as compared to the 30x30 inversion,
and to the complex dynamic stiffness method. Phase
cstimates are much less matching. Figure 14 shows the
same type of results for a mount with a much lower
complex dynamic stiffness, This figure shows that for a
mount with lower stiffness the results of the inversion
methodology are  deviating  from the results of the
complex dynamic stiffness. But it is also clear that the
over-determined inversion gives results that are closer to
the complex dynamic stiffness results than the non-over-
determined inversion. The reason why the low level
forces. estimated with the inversion method are higher
than the low level forces estimated with the complex
dynamic stiffness method is still under investigation. It
is clear that bias errors dominate the problem, most
probably due to bias errors introduced in the impedance
matrix. There exists an indication this is due to the
quality of the FRF meosurements, based upon hammer
impact excitation. The direction of impact is not always
caxy o control, certainly not in a practical sel-up on 2
car. This introduces important “virtual® cross-coupling
in the mutrix at a given response location,

Even though for the highest forces both methods give
reasonable  comespondence  in the  estimates,  the
operational forcex oblained by the complex stiffness
method are used lor further caleslations,

8.5 Trunsmission Puth Analysis Results

The cateulations for the transmission path analysis are
hased upon the forces estimated  with the  complex
dynamic Sliffness method, and upon the measured
mechani aeoustical transfer functions. The operational
forve  spectra for cach  principal  component  are
combined with the comesponding mechanic -acoustical
transfer functions, resulting in estimates of the partial
pressure, allcated o cach of the given transmission
paths, fur cach principal composent,
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By RMS summation over all 6 principal components of
the partial pressures obtained in each of the
transmission paths considered. amplitude estimates can
be obtained for the total partial pressure. that can be
attributed to a specific transmission path. By then
combining all partial pressures over all transmission
paths, an estimate of the total operational pressure can
be obtained. This estimate can then be compared to the
total measured operational pressure.

Figure 15 shows the transmission path analysis results
at the drivers ear for a typical transmission path in the
rear suspension. The upper curves give the calculated
total as well as measurcd total operational pressure
(measurement results of two different runs). It is clear
that very good approximations arc obtained of the total
operational pressure with the analysis method. The
lower curves represent the contribution of a specific
mount in the rear suspension 10 the total pressure in the
cavity, in 3 directions. This particular path is for
instance dominant for the noisc in the frequency bands
up to 150 Hz, with clear booming cffects. Figure 16 then
shows results for another transmission path in the rear
suspension, of which the effect on the interior noisc
level is negligible as compared to the previous.

As such a quantification of the woise contributions of all
the different paths to the total operational pressure can
be made. This quantification allows 1o rank the different
paths in terms of their importance for the interior noise
problem. This ranking can be used for the sclection of
the number and the location of needed actuators, in
order to come o an as cffective as possible noise
reduction in the car interior,

9. CONCLUSION

A methodology to analyse noise and vibration problems
in trms of individual source and transmission path
contributions was presented. Its applicability has teen
proven so far in several automotive applications, with
coherent as well as multivariate noise sources.

The scope of applications not only covers the original
engine and road noise problems, where  vibrations
transmitted through isolated mounts are causing the
noise. Possible applications are also situated in air-home
noise problems with disiributed sources along radiating
surfaces (6., tyre noise, air-borme engine noise, airraft
turbulent laver noise), ax well ax in applications where
iy conmected  substructures  are  transmilting
viheations frmm one 1o the other (o2, machinery in o
production cnvirnament, precision instrumentation set-
UPs, s i Space microgravity experimentx, ¢ic.),
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Spectrogram Diagnosis of Aircraft Disasters

Mr. F.W. Slingerland
Chief, Structures & Materials Lab.
IAR/NRC of Canada
Montreal Road
Ottawa, Ontario K1A 0R6

Abstract

Impulsive forces applied to an aircraft
fuselage generate radial vibration waves in the
structure analogous to those in a classical thin shell. it
has been found thal these waves are detected by the
cockpit area microphone, and that spectrogram
analysis of the microphone recording can provide
information on the natura, origin and strength of the
source, whether an explosion or a sudden
decompression.

INTRODUCTION

In-flight accidents of aircraft are often difficult
1o diagnose. The breakup of an aircraft at high
altitude creates a widely dispersed wreckage trail, and
dispersal of such a trail in deep ocean can further limit
the amount of significant debris which can be
recovered. For example, undersea debris search is
still continuing at the site of the Air India disaster
which occurred in 1985. However the aircraft's flight
recorders are relatively easy to recover, using their
radio or sonar transponders. This paper describes a
new method of analyzing the cockpit area
microphone (CAM) record from the cockpit voice
recorder (CVR) which yields the following information:
- The cause of the disaster is clearly distinguished as
either a structural failure or an explosive detonation
("bomb™).
- The causal event is located along the fuselage to an
accuracy of 110 2 metres.
- The eventis also located as occurring in the
passenger or cargo space.
- Information is available from the analysis which, with
further experience, should yield the size of the
explosive charge and the size of any fuselage
perforation.
Al this information is derived from a spectrogram of

the Impulsive sound of the event, heard by the CAM.
1t is found that this sound is in fact a transduced
version of the radial vibrations of the fuselage. The
spectrogram presentation - a “3-D" graph of signat
strength vs both time and frequency, somewhat like a
contour map, reveals the successive passages of
these dispersive vibration waves past the CAM.
Pattem analysis of the waves provides the information
mentioned above.

TYPICAL CAM RECORDINGS
The time traces of four events "heard" by the

CAM are shown in Figs. 1 and 2. The voltage scales
and time origins are arbitrary. Only one can be

[} 50 10 150 200 ~ 300
Time, miliseconds .
Time recordofeventl, . .

Time, mi'llitecandl
FIG. 1b: Expanded record, start of event 1

o 100 200 300 400
Time, miliseconds

FIG. 1c: Voltage - Tima record of event 2

identified at present, because of continuing litigation
surrounding the events. All have a cenain family

Presented at a Symposium on “Impact of Acoustic Loads on Aircraft Stuctures' held in Lillehammer, Norway, Mav 1994.
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resemblance. Each begins with a few cycles of almost
pure sinusoid al a frequency between 450 and 700
Hz, depending on alrcraft type and flight attitude. (it
was these sinusolds which led the writer to realize that
these were vibration signatures; not aiborne sound
signals). The records then show a sudden transition

0 20 40 60 100 200 300
Time, milliseconds

FIG. 2a: Voltage - Time record of event 3

voits

Time, milliseconds

FIG. 2b: Voltage - Time record of event 4

to much more complex waveforms, which then die
away in about 400 ms unless shortened by power or
signal loss. Event 1 ends with a damped sinusoid
typical of signal disconnect from the CVR - probably
by in-flight breakup. Event 4 terminates very quickly -
probably because of disruption of power supply 1o
the CAM and/or CVR. Event 3 is a succession of
several distinct impulsive events,

The signal-to-noise voltage ratios of the
signatures vary between 7,5:1 and 12:1. However
the vollage historigs are strongly influenced by the
CAM/CVR automatic gain control {AGC) which has
about 35 ms. response time on signal increase and
about 70 ms. on decrease.Past altempts to interpret
these records have been hampered by failure to
recognize AGC action, and by the assumption that
the microphone was detecting gicborne rather than
structure-bore sound. Tha fatter merits some
explanation. The CAM is attached to the fuselage just
above the pilots’ heads. if that part of the fuselage
vibrates, it radiates sound like a loudspeaker, and this
is heard by the microphone. Also the microphone
fiself may be shaken by the vibration, and this
movement creates atternating pressures on fts
diaphragm which are also heard. The microphone is
in fact a very sensitive detector, able to pick up
vibrations from a hand-slap on the fuselage which is
cvlherwise scarcely audible. Indeed, there have been
cases of perforating bomb explosions aft of the wing,
and of multiple tire bursts, which were not heard by
the aircrew. When one considers the tortuous path
that must be taken by an explosive blastsound wave
from, say, the aht cargo to the cockpit, this is hardly
surprising. The final proof of the vibratory source of
the microphone signal is that It travels from the source

Frequency, Hz

al observed speeds between three and aight times
the speed of sound in alr, and these speeds have
been experimentally confirmed by test explosions on
board (unoccupied!) aircraft. Fuselage vibrations are
thus the first messengers of a ramole event.

FUSELAGE VIBRATION MODES AND THEIR
PROPAGATION

Classical cylindrical shell theory provides a -
useful qualitative undarstanding of the various modes
of radial vibration which may be exclted by a localized
zone of under - or overpressure. They are .
characterized by Integral numbers, n, of sine waves .
around the circurference and sine waves of any .
wavelength along the length. The lower modes,
having n = 0, 2, and 3 are the most commonly
observed, since they couple best to a distributed
pressure zone. Figure 3 shows typical group
velocities of the n = 2, 3, 4 modes, based on typical
aircratt dimensions. The n =0 or ring mode is a
special case, in that it propagates at onlyons
frequency, by coupling with axial vibration waves. its
group velocity is well above that of the other low-n
modes, and it is the probable source of the initial
sinusoids in the CAM recordings. The effect of the
floor Is to ralse frequencies, and to divide each mode
into a symmetric and an asymmelric version, with
stightly ditferent propagation speeds at any
frequency. The two ring modes difter in their phase
relation between outward and inward motion above
and below the fioor, and it appears that the anti-phase
variant is the one usually excited.

2501 na.o .
200.. /.
150 " e
& Vd
o7 p .-
100 DA
/ o
i I
50 | \ [N
! — - 4 = <+
0 0,5 1,0 15 2,0
Transit time, ms/im distance travelled
FIG. 3: Transit times of various modes
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SPECTROGRAMS OF CAM RECORDINGS
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FIG. 4: Spectrogram of Event 4

The spectrogram of event 4, an explosion
event, is shown in Figure 4* {a coloured version is
on page 26-6). At first it appears to bear no
resemblance to the theory of Figure 3, but in fact a
series of major and minor peaks can be discerned,
about six per wave, which define the successive
passages of the waves of two “n” modes past the
CAM. The wave contours after the earliest one

INTERPRETATION OF THE DATA

THE INITIAL SINUSOIDS - The positive-pressure
direction of the CAM record can be kdentified by
analyzing the vowels of any speech present on the
recording, from which the positive-going breath
impulses of the larynx can be recovered. The initial

represent repeated reflection from the ends of the
aircraft, and their curvature gradually increases as the
slow-travelling components fall increasingly behind
the fastest components.

The spectrogram can be formed in various
ways, but the most successful to date has been to
perform a Fourier transform on successive 20-ms.
Hanning-windowed time samples, overfapped 10 ms.
Production of the spectrogram from these repeated
spectra was done manually for those shown; it has
now been mechanized a minicomputer.

pressure change, or phase, of the first sinewave at
the CAM is refated 1o the direction of initial maotion -
outward or inward - at the source. For example, a
decompression in the passenger space decreases
fuselage radius above the floor, and this inward
motion will be transduced as a positive-going initial
pressure excursion at the CAM. Ona can identify

*Only one spectrogram is shown In the written paper,
bacause of the difficuity of reproduction. Others will
be shown in colour during the verbal presentation.
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which variant of the ring mode is oeing observed by
its frequency, and i is usually the antisymmetric one.
This means that an explosion in the cargo space
below the floor will also give a poskive CAM
excursion. It Is not possile to sort out, fromn this
datum alone, which event occurred.

FREQUENCY TRENDS OF THE SPECTROGRAM - it
wilt be noted that the locus of first arrivals of the
successive waves in Figure 4 rises in frequency; in
other lengthier spectrograms & then falls. This is
directly related to the Internal pressure within the
fuselage, since the frequency of the waves, or of the
contours of Figure 3, depends directly on the
pressure difference across the skin. A localized zone
of pressure increase or decrease likewisa translates
into a frequency increase or decrease. Inthe event of
Figure 4, the fuselage Initially sutfered a rapld rise in
pressure, clearly indicating the detonation of an
explosive device. The subsequent fall of frequency,
hence pressure, present in other bomb
spectrograms, indicates fuselage perforation and
pressurization loss, Spectrograms of structural
failures causing decompression are marked by a
monotonic fall in frequency right from the start, with
no Initial rise. Boih these trends are shown in Figure
5 for three "bombs” and two decompressions. The
two types of event are clearly distinguishable.

15k Event 4, 2nd mode, bomb
%__. Event 1, 2nd mode, bomb

——
| <event 2, bomb\'\'
—

1k 1 .
/ﬁnt 4, 1st mode, bomb

e

Event 1, 1st mode, bomb
,)/_'\\

.__Event 5, ‘\
. \.d

~— ecomp.

500 { Event 3, decomnp.

Frequency of wave nose, Hz

~_

~_

~

o 100 200
Time from nose of 1st wave, milliseconds

FIG. 5: Spectrogram frequency shifts for

varlous events

Note that the pressurefrequency
relationship is the same for events either below or
above the floor. Thus this evidence, combined with
tha Initial phase of the ring mode sinusoids, allows us
to locate the event above or below the ficor. !t
remains to determine its fore and aft position.

WAVE SPACINGS AND CURVATURE - itwhen the
propagation speeds of the various vibration modes
become known by experiment, then the curvature of
the first wave arrival contour would indicate the
distance {0 the source (it began as a straight vertical
line). However, inthe absence of measured speeds,
the axial location of the source ¢an still by, determined
from the time-spacing of the successive reflections.

300

For example, the time between first and second
contours is the time taken by the waves to propagate
lo the rear, then reflect forward to the source point.
The time between first and third waves is that of a full
round trip. The ratio of the two times Is thus the
fractional distance of the event forward of the rear of
the akcraft. Comections must be applied for wave
speedup in the nose and tail tapers, and in the stif!
wing box area, and the time ratios must be measured
repeatedly from various parts of the spectrogram and
averaged, 1o eliminate wave contour position errors.
When this is done, the event can be located fore-and-
aft to a precision of less than one metre.

The techniques described above have now ‘

been applied 1o five aircraft disasters - three "bombs"
and two explosive decompressions, and the analyses
have aways agreed with known data, or in one case,
with the results of other lines of investigation. A
series of nine test explosions aboard a Boeing 707
aireraft, using accelerometers and pressure sensors,
have confirmed the maximum propagation speeds of
fuselage vibration observed during the disaster
analyses. It is intended to apply to these records the
new computer programs for spectrogram generation,
to obtain further information on propagation speeds
of all the modal frequency components.

FUTURE DEVELOPMENTS

A new algorithm for spectrogram generation -
the Wigner distribution (2), is being examined with a
view to improving spectrogram readability. The
specirogram method is being combined with the “In-
blast™ computer model (4) to permit estimations of the
size of the explosive charge (for bomb events),
and/or the size of fuselage perforation. It is intended
to apply the method to events originating in a wing,
for which the vibration wave pattern is more
complicated. .

It is to be hoped that the next generation of
CAMs and CVRs will retain, and possibly enhance,
the ability 1o use cockpit microphone records for
vibration spectregram analysis.

CONCLUSIONS

1. The CAM recording of an aircraft which is
subjected to the impulsive forces of a
decompression of an explosion, containg
structure-borne sound signatures associated
with the radial vibration of the fuselags.

2. These radial vibrations may be non-dispersive
(ring mode) or dispersive (other modes).

3. Analysis of the recording in the form of a
spectrogram of amplitude versus both
frequency and lime reveals repeated wave
passages up and down the aircraft at speeds
from three to eight times the speed of
airbome sound.

4. Analysis of frequency trends and time
spacing of the waves provides extensive
information on the nature, origin, strength
and effects of the event which caused them,
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ADDENDUM

Identification of “Events”

Event Description
1. Alr India Boelng 747 flt. 183 lost west of Ireland June 3, 1985 - bomb.
2. Brielcase bomb aboard a Boeing 727-200 on flight iRome - Athens. March 1986.
3. (Nameless!) Aflt pressure bulkhead fatlure.
4. Pan Am Boeing 747 flt. 103 lost over Lockerbie. Scotland, December 21, 1988 -

bomb.

Mac-D. DC 10 (Turkish) rear cargo door loss near Paris France, March 3, 1974.
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